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The introduction of transcatheter aortic valve implantation (TAVI) heralded a new era in the 
treatment of severe aortic valve stenosis (AS). Patients with high operative risk or contraindications 
to surgical aortic valve replacement (SAVR) could finally be offered a proper treatment alternative. 
The position of TAVI in other subsets of patients with AS is yet to be determined, and will be subject 
to change as the procedure continues to evolve. As an introduction to this thesis, a succinct overview 
is provided of AS, its conventional treatment options, and the emergence and technique of TAVI.

Aortic stenosis
Aortic stenosis is the most frequently encountered valve disease in daily cardiology practice, and 
the most common indication for valve surgery.1 With a prevalence increasing with age, AS poses 
a serious threat to the aging population, affecting nearly 3% of the community aged ≥75 years.2, 3 
In industrialized countries, the main etiology of AS is calcific valve disease, characterized by cusp 
thickening and calcification.4 The disease often involves congenital bicuspid valves, especially in 
younger age groups, while in the elderly (>70 years) tricuspid AS predominates.5 Once thought to be 
the mere consequence of long-lasting hemodynamic stress during aging, calcific AS is now regarded 
to involve an active cellular process similar to atherosclerosis.4, 6, 7 Lipid accumulation, fibrotic 
changes, and calcium deposition lead to stiffening and immobilization of valve cusps that obstruct 
left ventricular outflow. Acquired commissural fusion is uncommon in calcific AS, and if present only 
limited to small portions of one or two commissures.5

Aortic stenosis is a slowly progressive disease, with a long latency period with no symptoms 
and very low mortality, in which valve calcification and obstruction gradually worsen. The rate of 
progression is highly variable among individuals, but the process tends to accelerate with increasing 
hemodynamic severity and calcific burden.8 Even when AS becomes hemodynamically severe (valve 
area <1.0 cm2 and a mean transvalvular gradient >40 mmHg), patients may remain asymptomatic 
and still have a favorable outlook. Although management of asymptomatic patients is somewhat 
controversial, interventions can be safely delayed until symptoms develop, since sudden cardiac 
death is extremely rare with a watchful waiting strategy.9 The onset of symptoms marks a turning 
point in the disease course, as prognosis dramatically worsens. According to various reports on 
patients who refused valve replacement, survival after the occurrence of symptoms is only 64-74% 
at one year and 21-52% at two years.10-12 Recent data from the inoperable cohort of the pivotal 
PARTNER trial demonstrated one-year survival of only 50% for non-surgical candidates managed 
medically. 

Conventional treatment options
Although pharmacological therapy may reduce symptom severity, no drug regimens have 
demonstrated to improve the prognosis of symptomatic AS. The only effective treatment for severe 
AS is abolishment of left ventricular outflow obstruction by replacing the diseased valve. SAVR 
ameliorates symptoms and improves survival, and has been the standard of care for nearly 50 years.12-15 
According to the 2012 guidelines of the European Society of Cardiology, SAVR is required when 
severe aortic stenosis becomes symptomatic (Class I Level B indication), or when left ventricular 
ejection fraction falls below 50% (Class I Level C indication). Less well established indications (Class 
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IIa Level C) exist for asymptomatic patients with an abnormal exercise test (either exertional AS related 
symptoms or a fall in blood pressure below baseline), very severe AS (peak transvalvular flow velocity 
>5.5 m/s), or rapidly progressive disease (increase in peak transvalvular velocity >0.3 m/s per year).16 
Despite the poor prognosis of symptomatic severe AS and the overwhelming benefit of surgical therapy, 
many patients may never undergo valve surgery. In clinical practice at least 30% of patients with a 
clear-cut indication is denied SAVR by their attending physician.17, 18 Patient characteristics associated 
with a decision not to operate are advanced age and depressed systolic left ventricular function, and to 
a lesser extent neurological dysfunction and comorbidity.17 Patients with these features, predominantly 
elderly, are regarded to have a high operative risk and are therefore often refused SAVR. 

Non-surgically managed patients have been subjected to inferior treatments for many decades, 
comprising of optimal medical therapy and balloon aortic valvuloplasty (BAV). Balloon valvuloplasty 
was pioneered in the mid 1980’s as an alternative to SAVR, encouraged by the success of balloon 
angioplasty in the treatment of vascular stenosis.19 Balloon dilatation of a stenotic aortic valve was 
thought to crack the calcium deposits, thereby restoring cusp mobility and enlarging valve area. Directly 
after BAV, a modest decrease in hemodynamic stenosis severity was indeed observed, accompanied by 
symptomatic improvement in a substantial portion of patients.20, 21 These favorable results were short-
lived, however, as valve tissue recoil caused restenosis within 6- 12 months, an observation in line with 
the ineffectiveness of valve dilatation performed by surgeons in the pre-cardiopulmonary bypass era.22 
Besides delivering non-durable results, BAV was associated with major complications in a quarter of 
patients and a 15% mortality rate at 30-days.21 Unsurprisingly, long-term follow-up showed that BAV 
was unable to alter the malignant course of symptomatic AS.23, 24 Therefore, BAV is nowadays only used 
for palliation or as a bridge to valve replacement in the management of AS in adults.16

 
Transcatheter aortic valve implantation
The introduction of TAVI meant a major breakthrough in the treatment of severe symptomatic AS. 
During TAVI, a crimped stent-mounted bioprosthetic valve is advanced through a catheter and 
expanded within the stenotic aortic valve, relieving outflow obstruction by pushing aside the diseased 
cusps. Performed on a beating heart by means of conventional catheter techniques, exposure to 
cardiopulmonary bypass and sternotomy are avoided, rendering TAVI an excellent treatment option 
for patients deemed ineligible to undergo SAVR.

The idea of permanent valve implantation through catheters was originally conceived in 1989 by 
Andersen, who designed and implanted the first transcatheter heart valve in healthy pigs.25 Building 

Table 1. Outcomes of feasibility studies in TAVI.

Study Inclusion period N Approach Valve type Procedural  
success

30-day  
mortality

I-REVIVE/RECAST29 2003-2005 26
 7

TS
 TF

Cribier-Edwards
Cribier-Edwards

84.6%
57.1%

16.7%

Webb et al.31 2005-2006 50 TF Cribier-Edwards 86.0% 12.0%
REVIVAL-TF33 2005-2006 55 TF Cribier-Edwards 87.3% 7.3%
Grube et al.32 2005-2007 86 TF CoreValve 74.4% 11.6%
TRAVERCE34 2006-2008 168 TA Cribier-Edwards 95.8% 14.9%
 2006-2008 40 TA Cribier-Edwards 100% 12.5%

TA=Transapical; TF=Transfemoral; TS=Transseptal.
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on his experimental work, Cribier and co-workers performed the first TAVI in an inoperable patient in 
2002, deploying a balloon-expandable valve through a transseptal antegrade approach.26 A subsequent 
series of compassionate TAVI procedures in severely ill patients provided the definite prove of concept, 
as all patients in whom a valve was implanted experienced hemodynamic and clinical improvement, 
without residual stenosis.27 Shortly thereafter, the first in-human transfemoral implantation of a second 
type of device, a self-expanding prosthesis, was performed by Grube and co-workers.28 Larger feasibility 
studies with balloon-expandable and self-expanding valve systems followed in both Europe and North 
America.29-35 Despite TAVI was still in its infancy, promising procedural success and 30-day mortality 
rates were achieved (Table 1).

Soon after the introduction of TAVI, several new approaches for engaging the aortic valve were 
explored. The venous transseptal route was rapidly abandoned, due to its technical complexity and 
the risk of anterior mitral valve leaflet tethering by the looped guidewire.30, 36 Although requiring the 
insertion of large bore sheaths, the arterial transfemoral approach appeared a good alternative, using 
either full percutaneous access with preclosure devices or direct surgical cut-down of the vessel.30, 32 
The more invasive transapical approach was developed for unsuitable iliofemoral anatomy, involving 
a small left lateral thoracotomy to gain access to the left ventricular apex.37, 38 The transaortic and 
transaxillary approaches were introduced as alternatives to transapical access, avoiding an incision 
into the left ventricular myocardium.39, 40 For otherwise inaccessible patients the transcarotid and 
caval-aortic route are feasible options.41, 42

In the first decade of TAVI, 2 types of transcatheter heart valves were predominantly used in 
clinical practice: the balloon-expandable SAPIEN (Edwards Lifesciences, Irvine, CA, USA) and the self-
expanding CoreValve (Medtronic Inc., Minneapolis, MN, USA) prosthesis. Both valves are constructed 
of a tri-leaflet pericardial xenograft mounted within a metallic stent frame. The balloon-expandable 
SAPIEN valve is implanted by balloon inflation under rapid ventricular pacing in order stabilize the 
aortic annulus and to avoid ejection of the prosthesis by left ventricular contraction. The self-expanding 
CoreValve is implanted by controlled unsheathing, which automatically leads to prosthesis expansion 
upon contact with warm blood, because of the unique shape memory characteristics of the nitinol 
frame. Since self-expanding valve implantation does not involve occlusive balloon inflation, it can be 
safely performed without rapid pacing. The limited range of available prosthesis sizes meant a serious 

Table 2. Outcomes of large prospective TAVI registries.

Study Inclusion 
period

Access Valve 
type

N LES 30-day 
AR> 
mild

30-day 
major 
vascular

30-day 
any 
stroke

30-day 
new 
PPM

30-day 
all-cause 
mortality

1-year 
all-cause 
mortality

SOURCE44, 45 2007-2009 TF
TA

ES
ES

463
575

25.7%
29.1%

1.5%
2.3%

10.6%
2.4%

2.4%
2.6%

6.7%
7.3%

6.3%
10.3%

18.9%
27.9%

FRANCE II46 2010-2011 TF
TA

Mixed
ES

2361
567

21.2%
24.8%

18.6%
9.0%

5.5%
1.9%

2.2%
2.1%

15.2%
13.6%

8.5%
13.9%

21.7%
32.3%

ADVANCE I47 2010-2011 TF* MCV 996 16.0% 15.6% 10.9% 3.0% 26.3% 8.0% 17.5%
SOURCE XT48 2010-2011 TF

TA
ES XT
ES XT

1694
906

19.9%
21.8%

5.8%
3.5%

7.3%
3.6%

2.3%
2.1%

8.0%
10.9%

4.3%
9.9%

15.0%
27.1%

GARY49 2011 TV
TA

Mixed
Mixed

2694
1181

25.9%
24.5%

7.3%
4.0%

NR
NR

NR
NR

25.0%
11.3%

5.1%
7.7%

20.7%
28.0%

AR=Aortic Regurgitation; ES= Edwards SAPIEN; LES=Logistic EuroSCORE-I; MCV=Medtronic CoreValve; NR=Not 
Reported; PPM=Permanent Pacemaker Implantation; TA=Transapical; TF=Transfemoral; TV=Transvascular 
(transfemoral or transaxillary).
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constraint to the applicability of TAVI during the first years. Unable to measure native valve dimensions 
under direct vision alike in SAVR, sizing of percutaneous heart valves relies on non-invasive imaging 
techniques. Prosthesis size selection was initially based on aortic annulus measurements derived from 
transesophageal echocardiography, but is increasingly guided by multi-slice computed tomography.43

In response to the promising results of the feasibility studies, the interest in TAVI sky-rocketed. 
Many centers started a TAVI program and numerous international multicenter registries were 
initiated to investigate the outcomes of TAVI on a larger scale.44-49 A summary of data from the largest 
registries is provided in Table 2. The registries uniformly demonstrated that TAVI can be performed 
in high operative risk patients with high success rates, favorable short-term mortality, and excellent 
survival with no or only mild residual symptoms. One-year survival was close to 80% for transfemoral 
and around 70% for transapical procedures, with more than three-quarters of patients in New York 
Heart Association (NYHA) class I or II after one-year follow-up. However, the occurrence of severe 
complications after TAVI was not rare. Up to 3% of patients suffered from perioperative stroke, a 
devastating complication with potential for irreversible disability. Especially in transfemoral TAVI, 
major vascular complications were an important cause of morbidity and mortality, occurring in 
approximately 10% of cases. Furthermore, new pacemaker dependency was a common finding, with 
pacemakers rates three to four times higher for the self-expanding CoreValve compared to the balloon-
expandable SAPIEN valve.

Although registry data were very important to evaluate TAVI in the ‘real-world’ situation, the 
definite position of TAVI in the treatment of severe AS was established by the multicenter, randomized 
PARTNER trials (Placement of Aortic Transcatheter Valves). In the PARTNER IB cohort, the first of two 
trials, balloon-expandable TAVI demonstrated an overwhelming superiority over standard therapy in 
patients who could not undergo SAVR. All-cause mortality was reduced by 56% at one year and 36% 
at two years, with an absolute risk reduction of more than 20% at both time points. Moreover, 75% of 
survivors in the TAVI group was free of NYHA III or IV symptoms after one-year, compared to only 42% 
in the standard therapy group.50, 51 The PARTNER IA cohort compared TAVI with SAVR in patients at 
high operative risk who were still surgical candidates. On the primary end-point all-cause mortality, 
TAVI proved to be non-inferior to SAVR as mortality rates were similar at one year (24.2% and 26.8%, 
respectively). At two-year follow-up, this result was maintained with still comparable mortality rates 
(33.9% and 35.0%). Despite the absence of survival differences, vascular complications and moderate or 
severe aortic regurgitation were more frequently observed in TAVI. In addition, a trend towards a higher 
incidence of stroke was observed in the TAVI group. In contrast, SAVR was more often complicated by 
bleeding and new onset atrial fibrillation. Major advantages of TAVI included a shorter hospital stay 
and an earlier reduction of symptoms.52, 53 

Based on PARTNER trial results, TAVI was incorporated into the ESC guidelines as treatment of 
choice for patients with severe AS who are not eligible for surgery, and as valid alternative to SAVR 
in patients at high operative risk.16 Following publication of the PARTNER trials, TAVI disseminated 
across the globe and became a well adopted treatment modality for severe AS in inoperable and high 
risk patients. Many investigators started studying TAVI in all of its aspects, building an evidence base 
to further improve TAVI outcomes. Aim of this thesis was to contribute to the evolution of TAVI by 
investigating valve implantation technique, new devices, and procedural outcomes in clinical practice.
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OUTLINE OF THIS THESIS
Part I of the present thesis is dedicated to implantation technique and the clinical performance 
of new valve prostheses. A satisfactory TAVI result not solely depends on patient characteristics, 
but also relies on proper valve positioning and final placement. Moreover, prosthetic design is an 
important determinant of implantation feasibility, efficacy and safety.

In Chapter 2 we report on our two-step inflation technique for balloon-expandable valve 
implantation, which was introduced to enhance the precision of prosthesis placement. In Chapter 3 
the feasibility, efficacy and safety of TAVI with a new self-expanding prosthesis for large aortic annuli 
is evaluated in an international multicenter study design. In Chapter 4 the clinical performance of 
the newest iteration of a balloon-expandable valve system, designed to reduce post-implantation 
aortic regurgitation, is compared to its predecessor by means of propensity-score matching.

Part II of this thesis focuses on procedural outcomes. Institutional and operator experience 
have been shown to impact the outcome of many interventions. Improved procedural outcomes are 
further expected from technological advances and refined patient selection. In TAVI, results may 
additionally be influenced by anesthetic technique and the use of intraoperative adjunctive imaging. 
Mainly comprising elderly with multiple comorbidities, patients who undergo TAVI may well be at 
increased of postoperative delirium.

In Chapter 5 we assess the value of adjunctive intracardiac echocardiography during fluoroscopy 
guided transfemoral TAVI under local anesthesia and conscious sedation, and report the outcomes 
achieved with this strategy. In Chapter 6 temporal trends in procedural outcomes are investigated 
in our single-center seven year TAVI experience, illustrating the impact of the learning curve and 
technological advances. In Chapter 7 we report on the incidence, predictive factors and impact of 
postoperative delirium after TAVI, a complication largely ignored by the interventional cardiology 
community so far. 
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ABSTRACT
Aims 
To evaluate the two-step inflation technique aimed at achieving optimal valve implantation depth 
(defined as 40% of prosthesis height extending below the lower sinus border on angiography) during 
balloon-expandable transcatheter aortic valve implantation (TAVI).

Methods and results 
Between September 2010 and March 2013, 103 patients (67 females, mean age 80.9±5.6 years) were 
treated with the Edwards SAPIEN XT prosthesis using the two-step inflation technique. Implantation 
depth was measured on angiography. A historical control group (treated with Edwards SAPIEN) was 
used for comparison (n=20). Deviation from the defined optimum implantation depth (expressed 
as a percentage of stent frame height) was significantly less in the study group versus controls (7.0 
[3.4-14.1] vs. 13.9 [5.4-18.9]%; p=0.048). Valve placement was graded ‘as intended’/’within range’/’out 
of range’ (defined as ≤10%, >10% but ≤20% and >20% deviation, respectively) in 66%/22%/12% of the 
study group and 35%/40%/25% of historical controls (p=0.03). Corrections in valve position were 
made in 20 procedures (20%), resulting in placement as intended in 16 cases (80%), with highest 
efficacy in the transapical and direct aortic approach.

Conclusions 
The two-step inflation technique improves valve placement towards optimal implantation depth 
and may thereby prevent adverse events due to malpositioning. 
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BACKGROUND
Correct valve prosthesis positioning is of paramount importance in transcatheter aortic valve 
implantation (TAVI). Positioning is of particular concern when implanting balloon-expandable 
valves, since this valve type cannot be retrieved. Incorrect valve placement may lead to serious 
adverse events, i.e. high-grade aortic valve regurgitation (AR), coronary artery obstruction and valve 
dislocation.1-5 In some patients valve positioning can be troublesome due to cardiac motion and 
flow-mediated movement of the deployment balloon, as both are still present to varying extent 
during rapid ventricular pacing (RVP). The upper movement phenomenon also adds to the challenge 
of correct valve positioning.6 

In order to optimize valve placement, we introduced a ‘two-step inflation technique’: a staged 
inflation of the balloon crimped valve, interrupted by angiographic verification of valve position, all 
during continuous RVP, to allow for small “fine-tuning” corrections before definite deployment. A 
comparable technique has been previously described by Pasic et al. exclusively in transapical aortic 
valve implantation.7 The transapical approach may be considered more apt for very last valve position 
adjustments, since this approach provides more direct control. The aim of this study is to evaluate the 
two-step inflation technique in patients undergoing TAVI using various approaches (transfemoral, 
transapical and direct aortic), with respect to: 1) feasibility of perideployment adjustments in valve 
position, 2) efficacy in achieving optimal valve implantation depth and 3) technique safety.

METHODS
Study design and patient selection
This is a retrospective monocentric study. All patients who underwent TAVI at the University 
Medical Center Utrecht using the two-step inflation technique were identified retrospectively. 
For comparison, a historical control group of 20 patients was selected. Preconditions for patient 
inclusion in this study were: availability of intra-procedural angiographic images, presence of post-
deployment aortographic injection in the same projection used for valve implantation, and no 
overprojection of procedural material (e.g. wires, catheters, surgical spreaders) obscuring the lower 
aortic sinus borders.

Patients selected for TAVI were diagnosed with symptomatic severe aortic valve stenosis and 
considered inappropriate candidates for surgical aortic valve replacement (SAVR). Ineligibility for 
SAVR was determined by heart team consensus and attributable to prohibitive risk for surgery 
(logistic EuroSCORE >15%) or presence of contraindications (e.g. porcelain aorta, frailty). Further 
details on patient selection have been previously published.8

The local workup for TAVI included an outpatient appointment for assessment of physical 
condition and multimodality imaging. Transthoracic echocardiography (TTE) was performed for 
evaluation of left ventricular and valvular function, and transesophageal echocardiography (TEE) 
for assessment of aortic annulus diameter and concomitant mitral valve disease. Aortic root and 
annulus dimensions as well as patency of vascular entrance sites were evaluated by thoracoabdominal 
multi-slice computed tomography (MSCT). Prosthesis sizing was based on aortic annulus diameter 
measurements available from TEE and MSCT.
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All periprocedural data were retrospectively collected and registered in a database. Follow-up was 
retrospectively obtained using documentation of standard of care outpatient visits approximately 
6 months following TAVI. All patients gave informed consent for the procedure and due to the 
retrospective nature of the study design, ethics committee approval was waived.

Implantation procedure and 
technique
The balloon expandable SAPIEN 
and SAPIEN XT valves (both 
Edwards Lifesciences Corp., 
Irvine, CA, USA) were used in this 
cohort. Both valves consist of a 
tri-leaflet bovine pericardial valve 
sewn into stainless steel (SAPIEN) 
or cobalt chromium (SAPIEN XT) 
frame, partially covered with a 
synthetic fabric sealing cuff.

TAVI was performed by 
transfemoral, direct aortic or 
transapical approach, depending 
on the presence of suitable 
vascular access. In transfemoral 
procedures conscious sedation 
was preferably used, otherwise (in 
the initial femoral, direct aortic 
or transapical approach) general 
anaesthesia was instituted. 
The majority of transfemoral 

procedures was assisted by intracardiac echocardiography (ICE), for verification of annular 
measurements, monitoring of potential complications and assessment of prosthesis function. During 
the initial femoral procedures and all the non-femoral procedures imaging assistance was accounted 
for by TEE.

Common access techniques were used for TAVI, as previously described.9,10 After establishing 
access, the procedure continued with identification of the angiographic projection perpendicular to the 
native aortic annulus. Predilatation was then routinely performed to prepare the device landing zone. 
The next step was the advancement of the prosthesis towards the aortic annulus for initial placement, 
verifying the position with angiography (Fig. 1A). In transfemoral procedures, initial positioning was 
done slightly low on purpose, as pulling the system was regarded safer than pushing it. When valve 
position was satisfactory, RVP (180-200 bpm) was started, followed by partial inflation of the balloon 
crimped valve (±1/3 of the full deployment contrast volume) instead of instant complete inflation, 
the ‘first step’. Inflation was then interrupted for angiographic reassessment of valve position, which 

Figure 1. The two-step inflation technique in transfemoral TAVI - Aortic angi-
ography is performed for positioning the prosthesis in the aortic annulus (A). 
After first step inflation angiography is repeated, revealing a too low position 
of the prosthesis (B). Position is then adjusted by gently pulling the prosthesis 
upwards (C). After final deployment a correct position of the valve with respect 
to the aortic annulus plane (red dotted line) can be appreciated (D).
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importantly could still be adjusted at that time if deemed necessary for optimization of implantation 
depth (Fig. 1B and 1C). Finally, when the supposedly desired placement was achieved, the prosthesis 
was fully deployed by complete inflation of the balloon, the ‘second step’. All these steps occurred 
during continuous uninterrupted RVP which would only be stopped after final valve deployment. 
Following final deployment, prosthesis position and function as well as patency of the coronary 
ostia were assessed by angiography (Fig. 1D). Valvular function was thereafter examined by ICE or 
TEE in both the short and long axis views. Postdilatation could be additionally performed to address 
significant prosthetic regurgitation, if incomplete expansion of the prosthesis was suspected. In case of 
unsatisfactory result, the decision to implant a second valve was left to the operator’s discretion.

Angiographic measurements
Angiographic measurements were performed offline using dedicated analysis software (CAAS, 
Pie Medical Imaging, Maastricht, The Netherlands). Valve implantation depth was measured on 
angiography in the same projection used for implantation, as the perpendicularity to the annular 
plane allows for correct appreciation of prosthesis position. Average implantation depth was defined 
as the average of the distances between the left-sided and right-sided lower sinus border to the most 
proximal edge of the prosthesis stent frame (Fig. 2). To compensate for projection errors, the depth 
of the prosthesis is expressed as a percentage of total prosthesis stent frame height, as previously 
proposed.11 These percentages were used in combination with manufacturer specified valve heights 
to calculate implantation depth in millimetres, to give an impression of absolute valve position. All 
measurements were performed in early systole, as systolic aortic annulus position closely resembles 
the situation during RVP to which the angiographic projection for implantation is tailored.

Figure 2. Angiographic measurement of valve implantation depth - Valve height was measured at both left (a) and 
right (b) stent frame edges, as was the portion of stent frame extending below the lower sinus (c and d) (A). Average 
implantation depth was calculated in percentages of the total stent frame height using the formula [(c/a)+(d/b)]/2*100. 
Examples are provided for correct (A), too low (B) and too high (C) valve placement.

Definitions
The optimal implantation depth for SAPIEN valves used in this study is expressed as a percentage of 
total stent frame height extending below the lower sinus border on angiography, to enable the use 
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of one single value across the entire range of valve sizes. For evaluation purposes, optimal depth was 
defined in line with the valve position aimed for during our SAPIEN implantations, that is at 40%. 
This optimal depth is based on several considerations concerning valve design (height of the fabric 
cuff) and aortic root anatomy (the proximity of coronary artery ostia and the notion that the ‘real’ 
aortic annulus is located a little lower than appreciated on angiography). Importantly, the optimal 
implantation depth definition originates from institutional consensus and lacks scientific evidence 
for any favourable effect on clinical outcome. Final valve position was arbitrarily classified according 
to the degree of average implantation depth deviation from the specified optimum, as follows: ≤10% 
deviation was labelled ‘as intended’, >10% but ≤20% ‘within range’, and >20% ‘out of range’ (see Fig. 3).

To evaluate the efficacy of perideployment valve position adjustments, the study group was 
categorized into ‘no-adjustment’ and ‘adjustment’ subgroups, depending on whether the use of 
stepwise inflation led to corrections in valve position. These groups were created post-hoc, based 
on review of all angiographic implantation images by an independent observer, who decided 
whether operator driven valve position adjustments were present. For evaluation of technique 
safety a composite safety endpoint was created, including mortality, coronary artery obstruction, 
stroke, pacemaker implantation, myocardial infarction, periprocedural ventricular fibrillation and 
valve dislocation. Acute procedural success was defined as the successful implantation of a single 
valve with proper functioning and the patient leaving the operating room alive. Device success was 
defined according to the VARC-2 criteria.12

 
Figure 3. Valve placement classes depicted in a 26-mm Edwards SAPIEN XT valve.

Statistical analysis
Data were analysed using IBM SPSS Statistics software version 20 (IBM Corp., Armonk, NY). Continuous 
variables are presented as means ± SD or medians and [interquartile range], as considered appropriate, 
and categorical variables as counts and percentages. For comparison of continuous variables between 
groups Student’s T-test or its non-parametric equivalents were used, depending on data distribution. 
Categorical variables were compared using Chi-square or Fisher’s Exact test. To account for differences 
in the study and control group a propensity analysis was performed by means of binary logistic 
regression incorporating group membership and the propensity score. The propensity score refers to 
the propensity to be treated using two-step inflation, and was estimated by nonparsimonious binary 
logistic regression, including the following (pre)procedural variables: age, gender, length, weight, 
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diabetes mellitus, hypertension, hypercholesterolemia, chronic obstructive pulmonary disease, 
pulmonary hypertension, glomerular filtration rate, stroke, peripheral artery disease, abdominal aortic 
aneurysm, atrial fibrillation, prior pacemaker implantation, acute myocardial infarction, percutaneous 
coronary intervention, coronary artery bypass grafting, New York Heart Association functional class, 
porcelain aorta, frailty, aortic pressure gradient, left ventricular function, procedural approach and the 
use of general anaesthesia (Logistic EuroSCORE was not incorporated because of multicollinearity). 
The result of the propensity analysis is reported as an odds ratio (OR) with 95% confidential interval. 
Two-tailed p-values <0.05 were considered statistically significant.

RESULTS
Between the introduction of the two-step inflation technique in September 2010 and March 2013 
out of a total of 172 patients treated with TAVI, 54 received a self-expanding valve and 118 a balloon-
expandable valve. Amongst the group treated with a balloon-expandable valve 103 patients fulfilled 
the inclusion criteria (mean age 80.9±5.6 years, 65.0% female). Fifteen patients were excluded from 
the analysis: 7 (5.9%) patients because procedural material obscured the lower sinus border, 4 (3.4%) 
due to post-deployment aortographic injection in a projection different from the implantation 
view, 2 (1.7%) because of the absence of angiographic images and 2 (1.7%) as two-step inflation was 
omitted. As the technique was introduced after the start of the TAVI program in our institution, 
a conventional deployment technique was used in the first 36 patients undergoing balloon-
expandable TAVI, of which the last 20 were selected as a historical control group (mean age 77.9±8.4 
years, 60.0% female). Baseline patient characteristics are presented in Table 1. The intraobserver 
variability for angiographic assessment of average implantation depth was good (0.3±3.7%, paired 
sample correlation r=0.97; p<0.01), as assessed in 20 randomly selected patients.

Procedural results
An overview of procedural results is given in Table 2. The majority of implantations in both study group 
and control group was performed by transfemoral approach (74.8 and 55.0%, respectively), followed 
by the transapical approach (16.5 and 45.0%). The direct aortic approach was only applied in the study 
group (8.7%). All procedures in the control group were performed under general anaesthesia. RVP time 
was significantly longer in the study group (27.4±4.3 vs. 18.6±4.2; p<0.01). Valve position was adjusted 
after first step inflation in 20 (19.4%) patients, that constituted the ‘adjustment’ subgroup. Adjustments 
were performed in 66.7% of direct aortic, 15.6% of transfemoral and 11.8% of transapical procedures, 
predominantly towards a more proximal position (60.0% of cases). The extent of valve position 
adjustment amounted to 16.2±5.7 of stent frame height, corresponding to 2.7±0.9 mm.  

There was no intraprocedural mortality. Second valve implantation was performed in 3 cases 
of the study group (2.9%) versus 1 case in the control group (5.0%), exclusively concerning valve-in-
valve implantations in the same setting. In the study group, second valve implantation was due to 
prosthetic valve leaflet immobility (‘frozen leaflet’) causing severe transvalvular AR that was resistant 
to manipulations with a pigtail catheter (n=2)13 or significant central AR following post-dilatation 
(n=1). In the control group, one second valve was deployed to treat significant paravalvular AR due to 
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too low implantation of the first valve.
Postdilatation was applied in 10.7% of patients in the study group (n=11) and 5.0% of historical 

controls (n=1). The incidence of periprocedural ventricular fibrillation was 2.9% in the study group 
(n=3) versus 5.0% in the control group (n=1). All cases occurred directly following valve deployment 
and could be easily resolved by DC shock leaving no sequelae. Acute procedural success was 
comparable in the study and control group (93.1% and 80.0%, respectively).

Valve placement
Median deviation of the average implantation depth from the defined optimum was 7.0 [3.4-14.1]% 
for the study group and 13.9 [5.4-18.9]% for the control group (p<0.01) (Table 3). Values for individual 

Table 1. Patient characteristics.

Study Group (n=103) Control Group (n=20) P-value
Age 80.9±5.6 77.9±8.4 0.12
Height (cm) 166±9 164±13 0.74
Weight (kg) 73.5±15.8 72.4±12.9 0.81
BSA (m2) 1.83±0.20 1.81±0.19 0.61
Female gender 67 (65.0) 12 (60.0) 0.66
Hypertension 64 (62.1) 14 (70.0) 0.50
Diabetes mellitus 37 (35.9) 8 (40.0) 0.73
Previous myocardial infarction 25 (24.3) 6 (30.0) 0.59
Previous PCI 37 (35.9) 9 (45.0) 0.44
Previous CABG 19 (18.4) 7 (45.0) 0.13
Previous stroke or TIA 17 (16.5) 4 (20.0) 0.70
Peripheral artery disease 24 (23.3) 8 (40.0) 0.12
Previous pacemaker 8 (7.8) 1 (5.0) 1.00
Renal impairment 35 (33.0) 4 (20.0) 0.22
    Creatinin (μmol/L) 104 [54] 99 [55] 0.87
    GFR (ml/min) 53±23 58±24 0.33
Dialysis 5 (4.9) 0 1.00
Chronic lung disease 21 (20.4) 3 (15.0) 0.76
Procedural risk
   Logistic EuroSCORE 16.0±7.8 14.1±9.7 0.11
   Prohibited risk for surgery* 50 (48.5) 6  (30.0) 0.13
   Porcelain aorta 19 (18.4) 6 (30.0) 0.24
   Frailty 22 (21.4) 6 (30.0) 0.40
Imaging data
    LVEF < 40% 18 (17.5) 1 (5.0) 0.31
    Peak aortic pressure gradient (mmHg) 68.7±18.1 64.5±66.2 0.53
    Mean aortic pressure gradient (mmHg) 38.1±10.7 38.9±12.6 0.83
    Aortic valve orifice area (cm2) 0.73±0.20 0.71±0.13 0.74
    Aortic valve regurgitation ≥ grade 2 20 (19.4) 8 (40.0) 0.08
    Aortic annulus diameter on TEE (mm) 23±2.1 21.3±1.9 0.03

BSA=Body Surface Area; PCI=Percutaneous Coronary Intervention; CABG=Coronary Artery Bypass Grafting; 
TIA=Transient Ischemic Attack; GFR=Glomerular Filtration Rate; LVF=Left Ventricular Ejection Fraction; 
TEE=Transesophageal Echocardiography. * P-value for comparison between study group and control group. † Defined 
as a logistic EuroSCORE > 15%.
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Table 2. Procedural results.

Study Group 
(n=103)

Control Group 
(n=20)

P-Value*

Approach
    Transfemoral 77 (74.8) 11 (55.0) 0.07
    Transapical 17 (16.5) 9 (45.0) 0.01
    Direct aortic 9 (8.7) 0 0.35
Prosthesis size
    23 mm 22 (26.5) 8 (40.0) 0.33
    26 mm 47 (56.6) 12 (60.0) 0.64
    29 mm 14 (16.9) 0 0.07
General anaesthesia 55 (53.4) 20 (100) <0.01
Predilatation 103 (100) 20 (100) 1.00
Postdilatation 11 (10.7) 1 (5.0) 0.68
RVP time (sec) 27.4±4.3 18.6±4.2 <0.01
Ventricular fibrillation 3 (2.9) 1 (5.0) 0.51
Use of extracorporeal circulation 0 2 (10.0) 0.02
Periprosthetic regurgitation ≥ grade 2 4 (3.9) 2 (10.0) 0.22
Second valve implantation 3 (2.9) 1 (5.0) 0.51
Intraprocedural death 0 0
Fluoroscopy time (min) 16.0 [9.0] 16.0 [6.0] 0.87
Contrast volume (ml) 130 [65] 100 [93] 0.07
Acute procedural success 95 (93.1) 16 (80.0) 0.08

*  P-value for comparison between study group and control group.

Table 3. Valve placement.

Adjustment  
Subgroup 
(n=20)

No-Adjust-
mentSubgroup 
(n=83)

Study 
Group 
(n=103)

Control 
Group 
(n=20)

P-value*

Extent of valve position adjustments
     in % of stent frame height 16.2±5.7 NA NA NA NA
     in mm 2.7±0.9 NA NA NA NA
     more proximally (lower) 12 (60.0) NA NA NA NA
Average implantation depth
     in % of prosthesis height 37.8±9.1 36.1±12.8 36.5±12.1 28.6±13.9 0.01
     in mm 6.2±2.0 6.1±2.2 6.1±2.2 4.6±2.3 0.005
Deviation from optimum†

     in % of prosthesis height 5.2 [3.5-9.8] 7.0 [3.2-15.8] 7.0 [3.4-14.1] 13.9 [5.4-18.9] 0.048

     in mm 0.9 [0.5-1.9] 1.2 [0.6-2.6] 1.1 [0.6-2.4] 2.2 [0.9-3.3] 0.06
Direction of deviation‡
     too low implantation 2 (50.0) 8 (25.0) 9 (25.7) 1 (7.7) 0.24
     too high implantation 2 (50.0) 24 (75.0) 26 (74.3) 12 (92.3)

NA=Not applicable. *  P-value for comparison between study group and control group. †  Median of the absolute values 
for deviation from the optimal implantation depth. ‡  Given for implantations graded within range or out of range.
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Figure 6. Delayed valve dislocation - Final implantation result on angiography demonstrating low valve placement with 
proper valvular function (A). After acute onset of dyspnoea, echocardiography revealed downward displacement with the 
prosthesis wiggling in the left ventricular outflow tract along the cardiac cycle, causing obstruction and severe AR (B). 

   

Figure 5. Valve 
placement class  
per group.

Figure 4. Deviation of valve 
implantation depth from the 
optimum - Given for consecutive 
patients in percentages of stent 
frame height, presented for all 
groups in absolute values. Valve 
placement classes are separated by 
the dotted lines.
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patients are presented in Figure 4. Valve placement class for each group is presented in Figure 5. The 
difference in distribution of valve placement class between study and control group was significant 
(p=0.02) with pronounced higher rate of as intended valve placement in the study group (66.0 vs. 
35.0%; p<0.01). After adjusting for differences in baseline characteristics by means of propensity 
score analysis, two-step inflation was still positively associated with as intended valve placement 
(OR 5.3; CI 1.4-19.2; p=0.01). Despite the possibility of perideployment corrections, the study group 
still counted 13 cases (15.7%) of out of range final valve positioning. In both study and control group, 
valve placements that did not match implantation depth as intended predominantly comprised too 
high deployments (72.2% and 92.3%; p=0.24, respectively).
 
Impact of valve position adjustment
For the no-adjustment and adjustment subgroups median deviation of the optimum implantation 
depth was 7.0 [3.2-15.8] and 5.2 [3.5-9.8]%, respectively (p=0.37). There was no significant difference 
in distribution of valve placement class between the subgroups (p=0.41). A trend towards better valve 
placement could be recognized in the adjustment subgroup, as the incidence of valve placement ‘as 
intended’ was considerably higher (80.0 vs. 62.7%; p=0.14) (Fig. 4). Valve placement as intended was 
achieved in 66.7% of the transfemoral (n=8) and all transapical (n=2) and direct aortic procedures 
(n=6) where adjustments to valve position were made. In the cases of valve position adjustment 
failure to achieve as intended placement (n=4), overcorrection (too extensive correction resulting in 
a deviation of valve position from the optimum in the opposite direction) was observed in 1 patient 
and undercorrection (too little correction resulting in residual deviation of valve position) in 3 
patients. The case of out of range placement in the adjustment group was due to undercorrection of 
valve position in a transfemoral procedure.
 
Short-term outcome
Short-term outcome is summarized in Table 4. All-cause in-hospital mortality was 2.9% in the study 
group versus 20.0% in the control group (p 0.03). There were three in-hospital deaths in the study 
group, all comprising patients in the no-adjustment subgroup. One patient died of haemorrhagic 
shock due to recurrent haematothorax after otherwise successful transapical TAVI. The second 
patient, a direct aortic case, died from the deleterious effects of cardiac tamponade followed by 
sepsis. Both patients had demonstrated good prosthesis functioning on echocardiography. The 
third in-hospital death resulted from acute cardiac failure due to severe AR caused by delayed valve 
dislocation, which occurred three days after transfemoral TAVI with out of range too low valve 
placement (Figure 6A and 6B). An elaborate description of this case can be found in the appendix.

Stroke was less prevalent in the study group compared to the historical control group, although 
not statistically significant (1.9 vs. 10.0%; p=0.12). The two cases of stroke observed in the study 
group (both in the no-adjustment subgroup), comprised ischemic events in areas supplied by the 
middle cerebral artery resulting in hemiparesis. One patient improved and was discharged with only 
minor residual muscle weakness. The other patient had suffered a large severely disabling stroke 
and was discharged to a hospice for palliative care. Pacemaker implantation rates were comparable, 
as 4 patients (3.9%) in the study group and 1 (5.0%) of the historical controls received a pacemaker 
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due to high-degree AV-block. The sole case of myocardial infarction in the study group occurred in 
a transapical procedure as a consequence of a suture impeding coronary blood flow. There was a 
significant difference between study and control group for reaching the composite safety endpoint 
(9.7 vs. 35.0%; p<0.01).

During 30-day follow-up one additional death occurred in the study group, as the patient 
who suffered major stroke died due to dehydration. Furthermore, there was one more pacemaker 
implanted to treat progressive AV-block. The composite endpoint for device success was achieved 
in 92 patients (89.3%) of the study group versus 13 patients (65.0%) in the control group (p=0.03).

DISCUSSION
In this study we evaluated our two-step inflation technique for improving valve placement on a 
retrospective basis, using a historical control group for comparison. In the following paragraphs the 
technique itself and the findings on its clinical application will be further discussed. 
 
Technique’s rationale
Approximately 2 years after the start of our TAVI program we introduced the two-step inflation 
technique to provide more precision for balloon-expandable valve placement. Higher precision can 
be achieved by means of several advantages. First, the partially expanded prosthesis provides better 
reference to the lower sinus border, improving valve position assessment. Second, valve position can 
be still corrected just before implantation by fine-tuning movements of the valve-delivery system 
unit. Third, the technique improves predictability of prosthesis behaviour, as operator-independent 

Table 4. Short-term outcome.

Adjustment 
Subgroup 
(n=20)

No-Adjustment 
Subgroup 
(n=83)

Study Group 
(n=103) 

Control Group 
(n=20) 

P- value* 
 

In-hospital outcome
   All-cause mortality 0 3 (3.6) 3 (2.9) 4 (20.0) 0.03
   Stroke 0 2 (2.4) 2 (1.9) 2 (10.0) 0.12
   Myocardial infarction 1 (5.0) 0 1 (1.0) 0 1.00
   Pacemaker implantation 1 (5.0) 3 (3.6) 4 (3.9) 1 (5.0) 1.00
   Delayed valve dislocation 0 1 (1.2) 1 (1.0) 0 1.00
   Composite safety endpoint 2 (10.0) 7 (8.4) 9 (8.7) 7 (35.0) 0.005
Echocardiographic variables
   Peak transaortic  gradient, mmHg 20.4±7.7 17.6±6.5 18.2±6.8 17.9±6.2 0.96
   Mean transaortic gradient, mmHg 10.3±3.3 8.8±3.4 9.4±3.4 10.4±3.9 0.29
   AR grade 1† 6 (30.0) 40 (48.2) 46 (44.7) 9 (45.0) 1.00
   AR grade 2† 2 (10.0) 5 (6.6) 7 (6.8) 2(10.0) 0.49
30-day outcome‡
   All-cause mortality 0 3 (4.2) 3 (4.2) 5 (25.0) 0.02
   Pacemaker implantation 1 (5.0) 4 (4.8) 5 (5.4) 1 (5.0) 1.00
   Device success§ 18 (90.0) 74 (89.2) 92 (89.2) 13 (65.0) 0.03

*  P-value for comparison between study group and control group. †  As assessed on post-procedural TTE. ‡  30-day 
clinical follow-up was available in 92 patients, 30-day vital status was available for 111 patients (both including all 
control group patients). §  Proper implantation of the first valve used, with intended performance of the prosthetic heart 
valve (peak flow velocity <3m/s and no moderate or severe AR) and no procedural mortality (30-day all-cause mortality).
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prosthesis upward movement is diminished and the partially inflated balloon allows for appreciation 
of flow mediated balloon movement, which all can be accounted for when proceeding to definite 
valve deployment. In combination with the smaller delay between initiation of second step inflation 
and prosthesis anchoring this may reduce the impact of prosthesis movement on final valve position. 
 
Feasibility
The two-step inflation technique is comparable to the technique described by Pasic and colleagues 
comprising valve deployment under continuous angiographic monitoring, as it also allows for 
corrections in valve position during deployment.7 Importantly, their technique was used in transapical 
procedures only, whereas our two-step inflation technique was also applied in transfemoral and 
direct aortic procedures. Our data shows that valve position corrections are feasible in all three 
approaches, albeit performed in a minority of implantations and most frequently in the direct aortic 
approach. Positioning corrections are often subtle, ranging from just over 1 mm to as much as 4 mm 
in magnitude.

Efficacy
Although adjustments were made in only 20% of implantations, the introduction of our two-step 
inflation technique led to better valve placement compared to historical controls. This emphasizes 
that the technique’s strength not only resides in the potential for valve position corrections, but also 
in the improvement of the operators ability to assess the impact of prosthesis movement during 
deployment on its final position. The fact that 32 of the 83 procedures in which the operator decided 
not to change valve position only ended in within range or even out of range placement may be due 
to the initial reluctance to perform valve position changes, especially in transfemoral procedures. 
Improper timing of final deployment with respect to prosthesis movement during RVP may also 
be involved. Notably, valve placement in the control group was generally higher compared to the 
study group. Previous lack of awareness of the upward phenomenon may have played a role in this. 
Otherwise, valve placement may have been aimed a little bit higher in the aortic annulus for safety 
reasons to avoid too low implantation.

Perideployment corrections in valve position appeared to be highly efficacious for improving 
valve deployment, as no less than 80% of valve placements in the adjustment subgroup resulted in 
placement as intended. The best results were achieved in the transapical and direct aortic approach, 
most certainly due to the more direct prosthesis control offered by these approaches. Overcorrection 
of valve position was not as much a risk as was undercorrection, since the latter occurred more 
often and was exclusively responsible for the out of range placement in the adjustment subgroup. All 
placements not as intended (n=4) in this subgroup occurred in transfemoral procedures, supporting 
the opinion that correcting valve position is more challenging in this approach. The use of long 
catheters cause substantial delay in prosthesis response, while the impedance inflicted by tortuous 
vascular anatomy may produce even less predictable prosthesis behaviour.

Safety
Both procedural and clinical outcome suggest that two-step inflation is a safe technique to improve 
valve placement for balloon-expandable valves. In-hospital and 30-day all-cause mortality were low 
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in the study group as compared to historical controls and in light of recent published figures on TAVI 
mortality.14,15 This may be related to the overall low EuroSCORE in our population, reflecting the large 
proportion of patients inoperable due to technical constraints. Stroke, pacemaker implantation 
and moderate AR rates did not differ significantly between the groups. The occurrence of stroke 
in the study group was in accordance with the incidence recently reported for Edwards SAPIEN 
implantations in a large international multicenter registry (1.9 vs. 1.7%), whereas pacemaker 
implantation rate was lower (3.6 vs. 6.0%).15 These findings may indicate that manoeuvring the 
partially expanded prosthesis within the calcified aortic valve seems not to increase stroke risk and 
seems not injurious to the cardiac conduction system. The longer RVP time required for the two-
step inflation technique appears not to increase the occurrence of ventricular fibrillation, which was 
lower than the 13% incidence previously reported.16 

The beneficial effect of improved valve placement on clinical outcome remains difficult to 
substantiate, as complications known to be directly associated with improper placement are 
rare.17 In our cohort there were no cases of coronary artery obstruction or severe AR. One case of 
valve dislocation occurred in the study group (1.0%), a complication previously observed in 0.4-
2.6% of Edwards SAPIEN procedures.14,18,19 Despite the absence of indisputable evidence, it seems 
conceivable that the two-step inflation technique may prevent malpositioning related complications 
by improving valve placement.

LIMITATIONS
This is a retrospective observational study and therefore subject to all shortcomings inherent 
to retrospective research. There was potential for observer bias, as no blinding was provided for 
implantation depth measurements. The analysis on valve placement did not account for innovations 
of the valve delivery system that have increased stability during valve deployment. Amongst these 
technical refinements are the revision of balloon-inflation geometry resulting in solid anchoring of 
the prosthesis in the left ventricular outflow tract through expansion at the ventricular side first, 
and the introduction of new delivery catheters providing tighter balloon-shaft support resisting 
the inflation forces that tend to push the valve towards the aorta. Furthermore, the group with 
adjustments in valve position may be regarded as relatively small for thorough safety evaluation 
of manipulations with a partially expanded prosthesis. Finally, we did not take into account the 
mandatory lower placement of valves to avoid obstruction of coronary artery ostia in close proximity 
to the aortic annulus, when grading valve placement.

CONCLUSIONS
The two-step inflation technique improves valve placement with respect to implantation depth. The 
opportunity to correct valve position can be valuable in balloon-expandable TAVI procedures. When 
corrections are made, valve position is frequently adjusted towards an optimal implantation depth, 
especially in the transapical and direct aortic approach. As such, the technique may potentially 
prevent adverse events due to malpositioning. The two-step inflation technique appears to be safe in 
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this cohort, despite longer rapid ventricular pacing times.

APPENDIX
Case of delayed valve dislocation
The third in-hospital death resulted from acute cardiac failure due to severe AR caused by delayed valve 
dislocation. The patient concerned was a 83-year old woman, who received uncomplicated transfemoral 
TAVI with a 23-mm prosthesis 3 days earlier. Valve placement was out of range (too low deployment), 
with an implantation depth 61% of stent frame height. Second valve implantation was considered at 
the time of implant, but was judged unnecessary as the valve despite low, appeared properly ‘anchored’ 
to the aortic annulus and only trace AR was seen angiographically (Fig. 6A). Moreover, ICE showed 
proper functioning of the valve and there was no paravalvular leakage. On the fourth postprocedural 
day, the patient experienced sudden onset of dyspnoea and echocardiography revealed downward 
displacement of the valve prosthesis towards the left ventricular outflow tract causing obstruction and 
severe AR (Fig. 6B). Fast deterioration of the hemodynamic status of the patient occurred leading to 
death in a few hours (the patient was deemed inoperable by the heart-team).
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ABSTRACT
Objectives 
With the introduction of the 31mm Medtronic CoreValve prosthesis patients with large aortic 
annulus have become eligible for transcatheter aortic valve implantation. The aim of this study is to 
evaluate the feasibility, efficacy and safety of transcatheter aortic valve implantation using the 31mm 
Medtronic CoreValve in patients with severe aortic valve stenosis and large aortic annulus.

Methods 
Five institutions in the Netherlands and Italy participated in a retrospective multi-center registry. 
Clinical, procedural and imaging data of patients treated with the 31mm Medtronic CoreValve were 
retrospectively collected in accordance with the Valve Academic Research Consortium-2 criteria.

Results 
Between August 2011 and November 2012, 47 patients (44 males, mean age 77.6 ± 8.9 years) received the 
31mm Medtronic CoreValve prosthesis for severe aortic stenosis. Device success (correct positioning of 
a single valve with intended performance and no all-cause 30-day mortality) was achieved in 31 patients 
(66.0%). Reasons for failing the device success criteria were: significant prosthetic aortic regurgitation 
in 3 patients (6.4%), second valve implantation in 10 patients (21.2%) (8 cases of malpositioning with 
high-grade aortic regurgitation, 1 acute and 1 delayed valve dislocation), one of whom died intra-
hospital, and in-hospital mortality in additional 3 patients (6.4%). Peak and mean transaortic gradients 
decreased significantly (p<0.01). The rate of new pacemaker implantations was 41.7%.

Conclusion
In this retrospective multi-center registry, transcatheter treatment of severe aortic valve stenosis 
with the 31mm Medtronic CoreValve appeared to be challenging, even in experienced hands. If the 
prosthesis is properly implanted, it offers adequate valve hemodynamics and proper functioning.
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INTRODUCTION
Transcatheter aortic valve implantation (TAVI) is a rapid evolving treatment modality for patients 
with symptomatic severe aortic valve stenosis (AS), significantly improving survival and quality of 
life.1,2 Current application of TAVI is confined to patients with prohibitive or high risk for surgical aortic 
valve replacement (SAVR),3 although trials involving intermediate risk patients are already on-going.4 
Until recently, another constraint to TAVI practice was the limited range of prosthesis sizes. Patients 
with severe AS and large aortic annulus (diameter >27 mm), otherwise suitable for TAVI, had to be 
denied transcatheter treatment because of the non-existence of adequately dimensioned prostheses.5 
In response to the clinical need for a larger valve prosthesis, the self-expanding 31 mm Medtronic 
CoreValve (MCV31; Medtronic Inc., Minneapolis, MN, USA) has been developed. With the introduction 
of this device patients with an aortic annulus dimension up to 29 mm in diameter have become eligible 
for TAVI. However, the clinical use of this larger prosthesis may entail enhanced procedural challenges. 
As only the very basal inflow portion of the stent frame has a 31mm profile, there is little margin for 
proper valve placement, rendering valve positioning more decisive for achieving a good implantation 
result. Furthermore, the bulky stent frame may increase the risk of interference with mitral valve 
function6 and damage to the cardiac conduction system during prosthesis deployment.7 So far, no 
studies regarding clinical experiences with the MCV31 have been published. The aim of this study was 
to investigate the safety, efficacy and in-hospital outcomes of TAVI using the MCV31 device.
 
 
METHODS
Study design 
The study is an observational retrospective multicenter single-arm registry. All patients who underwent 
TAVI for severe aortic valve disease using the MCV31 device were retrospectively identified. Patients 
selected for TAVI had been considered unsuitable for SAVR by cardiologist and cardiac surgeon 
consensus, either due to a high predicted operative mortality risk (Logistic EuroSCORE >15) or presence 
of absolute contraindications for SAVR (e.g. porcelain aorta). Further details on patient selection have 
been previously published.2

Pre-, intra-, and post-procedural data were retrospectively collected and documented in a 
registry. All patients gave informed consent for the procedure and due to the retrospective nature of 
the study design, ethics committee approval was waived. 
 
Patient evaluation 
The evaluation of eligibility for TAVI included transthoracic echocardiography (TTE), transesophageal 
echocardiography (TEE), coronary angiography, and thoracoabdominal multi-slice computed 
tomography (MSCT). TTE was performed in all patients prior to TAVI and post-procedure before 
discharge. Left ventricular, valvular and prosthesis function were evaluated by local experienced 
echocardiographers in compliance with dedicated guidelines.8,9 TEE could be additionally performed, 
according to the routine of each participating center, to analyse concomitant mitral valve disease and 
measure the aortic annulus diameter. MSCT-imaging was used to assess the suitability of vascular 
entrance sites, as well as to determine aortic annulus dimensions. 
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Prosthesis sizing was based on MSCT derived aortic annulus measurements in the majority 
of patients, while in very selective cases only TEE measurements were available. The reliability of 
these particular measurements and their compliance with other imaging-modality findings was 
considered with close scrutiny by the interventional teams.

Device
The MCV31 device received CE (Conformité Européenne) approval in August 2011 for transfemoral, 
transaxillary and direct aortic implantation. It is currently the only valve prosthesis available for 
transcatheter treatment of patients with an aortic annulus diameter >27 mm. The MCV31 has 
roughly the same characteristic design as its smaller 26 and 29 mm predecessors.10 It consists of 
a tri-leaflet porcine pericardial valve sutured into a nitinol frame. The frame has diamond-shaped 
cells with an hourglass-like architecture, in which three distinct regions of radial force can be 
identified. The outflow portion has low radial force and is designed to stabilize and center the 
device in the ascending aorta. The center portion contains the porcine leaflets and is therefore 
constrained to avoid obstruction of the coronary arteries. The inflow portion has high radial 
force to exclude the calcified leaflets and maintain intra-annular anchoring, and is covered 
with a pericardial skirt to minimize paravalvular aortic regurgitation (AR) post-implantation. 
Importantly, it is only this inflow portion that is actually larger in the 31mm prosthesis 
compared to the 29 mm prosthesis (see article Fig 1), giving rise to a pronounced tapering of 
the inflow portion. Therefore correct placement, high enough to allow proper apposition of 
the enlarged inflow part to the native aortic valve, is more critical than with the smaller sizes. 
The MCV31 is deployed using an 18-French delivery catheter with AccuTrak® Stability Layer.  

Figure 1. Medtronic CoreValve range of prostheses. The CoreValve third generation range of prostheses 
with corresponding stent frame dimensions and manufacturer recommendations for MSCT based sizing.
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Transcatheter aortic valve implantation 
The TAVI procedures were performed via transfemoral, transaxillary or direct aortic approach 
according to the choice of the operators, with standard access techniques, under general anaesthesia 
or conscious sedation. Technical details of the applied approaches have been discussed in detail 
elsewhere.11,12 Predilatation of the native aortic valve was left to operator’s discretion and preferably 
performed in order to facilitate prosthesis implantation. Motivations for omitting predilatation 
were: poor left ventricular function and mixed disease with an important regurgitation component. 
Prosthesis deployment was performed under fluoroscopic guidance. The use of “stabilizing” ventricular 
pacing (SVP: 100-120 beats per minute) during deployment was at discretion of the operator. Following 
implantation, aortography was used to assess valvular location and function as well as patency of 
the left and right coronary ostia. Valvular function was thereafter examined by echocardiography 
(either TTE, TEE or intra-cardiac echocardiography), before the patient left the operating room.  

Figure 2. MCV31 implan-
tation. (A) Angiographic 
result after correct implan-
tation of a CoreValve 
31mm, demonstrating 
mild paravalvular AR; (B) 
too low implanted CoreV-
alve with severe peripros-
thetic AR; (C) introduction 
of a second prosthesis af-
ter spontaneous acute em-
bolization of a MCV31 to-
wards the ascending aorta; 
(D) the result after CoreV-
alve implantation “in se-
ries”.

End point 
definitions
In-hospital complica-
tions were registered 
in concordance with 
the recently published 
Valve Academic Re-
search Consortium-2 

(VARC-2) consensus document.9 In compliance with VARC-2 definitions, device success is defined as 
the proper implantation of the first valve prosthesis used, with intended performance of the prosthetic 
heart valve (peak aortic flow velocity <3m/s and no moderate or severe AR) and no procedural mor-
tality (30-day all-cause mortality). In addition, acute procedural success was defined by the authors as 
the successful implantation of a single valve with proper functioning (correct anatomic position of the 
valve with no moderate or severe AR present) and the patient leaving the operating room alive.
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Statistical analysis
All data were analysed using IBM SPSS 
Statistics software version 20 (IBM Corp., 
Armonk, NY). Results for continuous 
variables were presented as means ± standard 
deviation or medians [interquartile range], as 
considered appropriate. Categorical variables 
were reported as counts and percentages. 
The comparison of continuous variables was 
performed using Student’s t-test for unpaired 
measures or paired t-test for repeated 
measures or their non-parametric equivalents, 
Mann-Whitney U test and Wilcoxon Signed 
Ranks test, where appropriate. Categorical 
variables where analysed using Chi-square or 
Fisher’s Exact Test. A two-sided P-value <0.05 
was regarded statistically significant.

RESULTS
Between the CE approval of the MCV31in 
August 2011 and November 2012, 440 
patients underwent TAVI at 5 participating 
institutions in the Netherlands and Italy. All 
centers were well experienced in CoreValve 
implantations (23, 26 and 29 mm) when the 
MCV31 was introduced. A total of 54 patients 
(12.3%) received the MCV31 device. Seven 
patients were excluded from the study due to 
off-label use of the prosthesis for pure severe 

AR without aortic stenosis, leaving 47 patients for further analysis. The large majority of patients 
were male (93.6%), with mean age 77.6 ± 8.9 years, ranging from 48 to 90 years. Further baseline 
characteristics are listed in Table 1. Mean aortic annulus diameter was 26.4 ± 2.7 on TEE and 27.3 ± 1.6 
mm on MSCT (average annulus diameter, as derived from the maximum and minimum diameters). 
Overall left ventricular function was depressed, with 24 patients (44.5%) exhibiting a left ventricular 
ejection fraction below 40%. Pre-procedural imaging findings are summarized in Table 2.

Procedural results 
The majority of patients underwent TAVI through a transfemoral approach (36 patients), whereas 6 
patients were treated via a direct aortic access and 5 patients underwent a transaxillary procedure. 
Acute procedural success (such as the one showed in Fig. 2A) was achieved in 36 patients (76.6%). 

Table 1. Baseline characteristics.

N=47
Age 77.6 ± 8.9
Female 3 (6.4%)
Body mass index (kg/m2) 26.7 ± 4.7
Length 173.0 ± 7.5
Weight 80.1 ± 14.0
Body surface area (m2)* 1.95 ± 0.19
Diabetes mellitus 12 (25.5%)
Hypertension 30 (63.8%)
Dyslipidaemia 23 (48.9%)
COPD 20 (42.6%)
Chronic renal disease 20 (42.6%)
    Glomerular filtration rate (ml/min)† 58.6 ± 21.4
Cerebrovascular disease 13 (27.7%)
Peripheral artery disease 18 (38.3%)
Coronary artery disease 30 (63.8%)
Prior myocardial infarction 11 (23.4%)
Previous PCI 21 (44.7%)
Previous CABG 9 (19.1%)
Atrial fibrillation 16 (34.0%)
Prior pacemaker implantation 11 (23.4%)
Heart rhythm
    Sinus rhythm 35 (74.5%)
    Atrial fibrillation 7 (14.9%)
    Pacemaker rhythm 5 (10.6%)
NYHA functional class ≥ III 37 (78.7%)
Logistic EuroSCORE‡ (%) 24.7 ± 23.3
Prohibitive high risk for surgery§ 32 (68.1%)

COPD=Chronic Obstructive Pulmonary Disease; 
PCI=Percutaneous Coronary  Intervention; CABG= Coronary 
Artery Bypass Grafting; NYHA= New York Heart Association;  
* Calculated using the Mosteller formula;  † Estimated with 
the Modification of Diet in Renal Disease (MDRD) formula; ‡ 
Operative risk as assessed by the EuroSCORE I. § Defined as 
an logistic EuroSCORE ≥ 15.0%
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One intra-procedural death occurred, due 
to ascending aortic dissection resulting in 
cardiac tamponade during a transfemoral 
procedure. In one patient the valve prosthesis 
acutely embolized to the ascending aorta, 
which was adequately managed by snare 
catheter fixation and relocation of the 
prosthesis in the ascending aorta, followed by 
implantation of a second valve prosthesis ‘in 
series’ (Fig. 2C and D). 

Twenty-two patients (46.8%) 
demonstrated significant paravalvular AR (≥ 
grade 2) immediately after valve deployment. 
In 9 of these patients (19.1%), significant 
paravalvular AR occurred as a consequence 
of incorrect valve placement, exclusively 
concerning too low implantations (Fig. 2B). 
Seven of these patients required implantation 
of a second valve prosthesis (“TAV-in-TAV”) in 
the same setting, one patient received TAV-in-TAV implantation during a second procedure, and one 
patient was treated with snare-catheter repositioning only (correct annular placement was achieved 
by gently pulling the prosthesis upwards, although moderate paravalvular AR persisted). In 12 other 
patients (25.5%) significant paravalvular AR was successfully addressed by postdilatation, since 
prosthesis underexpansion was the underlying cause. In the remaining patient a grade 2 AR did not 
improve after postdilatation and was accepted, considering the risk of additional postdilatation. An 
overview of procedural variables is given in Table 3.

Table 2. Pre-procedural imaging.

N=47
Left ventricular ejection fraction (%) 43.8±14.7 
Left ventricular ejection fraction < 40% 19 (40.4%)
Peak aortic transvalvular pressure gradient (mmHg) 68.5 ± 23.8
Mean aortic transvalvular pressure gradient (mmHg) 40.1 ± 15.9
Aortic valve orifice area (cm2)* 0.69 ± 0.19
Aortic valve regurgitation ≥ grade 2 13 (27.7%)
Mitral valve regurgitation ≥ grade 2 11 (23.4%)
Systolic pulmonary artery pressure 40.4 ± 10.9
Pulmonary artery hypertension (sPAP ≥ 60 mmHg) 4 (8.5%)
Aortic annulus diameter on TEE (mm) 26.4 ± 2.7

Aortic annulus average diameter on MSCT (mm) * 27.3 ±1.6  
(range 25.5-30.5)

Percentage of oversizing† 12.2 ± 4.7 
NA=Not available; sPAP=Systolic Pulmonary Arterial Pressure; TEE= Transesophageal Echocardiography; MSCT= 
Multi-slice Computer  Tomography; *  Average diameter calculated with the formula (maximum diameter + minimum 
diameter)/2.  †  As calculated by the formula ([prosthesis eter-average diameter on MSCT]/prosthesis diameter)

 

Table 3. Procedural data.

N=47
Approach
    Transfemoral 36 (76.6%)
    Direct aortic 6 (12.8%)
    Transaxillary 5 (10.6%)
General anaesthesia 11 (23.4%)
Fluoroscopy time (minutes) 22.5 [11]
Predilatation 31 (66.0%)
Predilatation balloon-size 24.6 ± 1.8
Use of “stabilizing” ventricular pacing 22 (46.8%)
Requirement of postdilatation 15 (31.9%)
Snare-catheter repositioning 1 (2.1%)
Conversion to surgery 0
Use of extracorporeal circulation 0
Acute procedural success* 36 (76.6%)
    Second valve implanted 8 (17.0%)
    Aortic regurgitation ≥ grade 2 2 (4.3%)
    Intra-procedural death 1 (2.1%)

*  Successful implantation of a single valve with proper 
functioning (correct anatomic position of the valve with no 
moderate or severe AR present) and the patient leaving the 
operating room alive.
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Figure 3. Delayed valve dislocation. (A) Initial 
a little low implanted MCV31; (B) Angiography 
in the same patient 6 days later, the MCV31 
was dislocated towards the left ventricle; 
(C) Angiographic result after TAV-in-TAV 
procedure.

Echocardiographic results
All patients underwent TTE prior to discharge (see Table 
4), except for the patient that died intra-procedurally. 
Peak and mean aortic transvalvular pressure gradients 
decreased from 68.5 ± 23.8 mmHg and 40.1 ± 15.9 mmHg at 
baseline to 18.0 ± 6.3 mmHg and 9.9 ± 3.7 mmHg following 
TAVI, respectively (both p < 0.001). Pre-discharge 
echocardiography showed AR in 32 patients (71.7%): mild 
in 25 patients (54.3%), moderate in 6 patients (13.0%) and 
severe in 1 patient (2.2%). The origin of post-procedural 
AR was predominantly paravalvular (29 of 32 cases) and 
less often transvalvular or mixed. The degree of mitral 
valve regurgitation (MR) decreased in 8 patients (17.4%), 
remained unchanged in 27 patients (57.4%), worsened in 
7 patients (15.2%) and was inadequately assessed in the 
remainder of patients. Worsening of the degree of MR was 
not related to too low implantations that required TAV-in-
TAV implantation. The change in the distribution of MR 
severity before and after TAVI was not significant (p 0.64), 
the proportion of patients with important MR (≥ grade 2) 
remained the same.

In-hospital outcome
There were 4 in-hospital deaths (8.5%), including the case 
of aortic dissection described earlier. One patient, with pre-
existing poor left ventricular function, died of congestive 
heart failure induced by pneumonia, despite good valve 
prosthesis function. Another patient succumbed to 
sequelae of delayed valve dislocation. On the sixth post-
procedural day, the patient developed acute cardiac 
failure with respiratory insufficiency requiring intubation. 
Echocardiography revealed new severe AR, rising the 
suspicion of valve dislocation. On emergency angiography, 
downward displacement of the CoreValve towards the left 
ventricular outflow tract was diagnosed (Fig 3A-C), which 
was subsequently treated with TAV-in-TAV implantation 
of a smaller 29 mm CoreValve. Despite the successful 
procedure, the patient died of progressive coma probably 
due to hypoxic cerebral damage. In one patient the cause of 
death could not be established, since death occurred after 
unsuccessful resuscitation (pulseless electrical activity) 
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and autopsy was not performed. 
No additional 30-day mortality was 
reported.

In-hospital re-TAVI was 
performed in 2 patients. One patient 
received successful re-TAVI to 
address significant AR that resulted 
from a too low implantation during 
the first procedure (as mentioned 
earlier). The other re-TAVI was 
performed in the case of delayed 
valve dislocation described above. 
There were 2 cases of in-hospital 
stroke (4.2%), both ischemic 
events. Of the 36 patients without 
prior pacemaker implantation 15 
(41.7%) received a new pacemaker 
implantation following TAVI, 
mainly because of third-degree 
atrioventricular block (n=13). Other 

pacemaker indications were sick-sinus syndrome (n=1) and bradycardia in atrial fibrillation (n=1). 
Further data on in-hospital outcomes and echocardiographic results are outlined in Table 4.

Device success
Device success was achieved in 31 patients (66.0%). Reasons for not fulfilling the device success 
criteria were: moderate or severe prosthetic aortic regurgitation in 3 patients (6.4%), second valve 
implantation in 10 patients (21.2%), one of whom died in-hospital, and in-hospital mortality in 
additional 3 patients (6.4%).
 
Univariate analysis
A composite endpoint for malpositioning (suboptimal placement of the valve) was created for use 
in univariate analysis, including too low implantations requiring second valve implantation or snare 
catheter repositioning, and acute and delayed valve dislocations. None of the variables analysed 
showed a statistically significant association with the endpoint (Table 5). However, predilatation 
was non significantly more often performed in patients free of malpositioning, with a trend towards 
more aggressive predilatation (with bigger balloons) in this patient group.

DISCUSSION
This multi-center registry is the first to publish on clinical experiences with the MCV31prosthesis for 
transcatheter treatment of severe aortic valve disease in patients with a large aortic valve annulus 

Table 4. Outcome and pre-discharge echocardiographic data.

N=47
In-hospital outcome
    Mortality 4 (8.5%)
    Stroke 2 (4.3%)
    Myocardial infarction 0
    Bleeding 4 (8.6%)
    Vascular complications 2 (4.3%)
    New permanent pacemaker implantation 15 (41.7%)
    Acute kidney injury (Stage I)* 7 (14.9%)
    Delayed valve dislocation 1 (2.1%)
    Re-TAVI 2 (4.3%)
    Length of hospital stay (days) 6 [3]
    Device success 31 (66.0%)
Post-procedural echocardiography (N=46)
    Left ventricular ejection fraction < 40% 19 (41.3%)
    Peak aortic transvalvular pressure gradient (mmHg) 17.4 ± 6.0
    Mean aortic transvalvular pressure gradient (mmHg) 9.6 ± 3.8
    Aortic regurgitation ≥ grade 2 7 (14.9%)
    Mitral valve regurgitation ≥ grade 2 10 (21.7%)
30-day mortality† 4 (8.5%)

*  Stage I Acute Kidney Injury: 1.5-1.99 times increase in serum 
creatinine compared to baseline, or an absolute increase of  >26.4 
mmol/L (AKIN classification). †  Cumulative 30-day mortality.
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(>27mm). In this registry these patients could be further characterized by male gender and depressed 
left ventricular function, which is in line with recent insights of left ventricular dysfunction being an 
independent predictor of a large annulus.13 This stresses the importance of the availability of large valve 
prosthesis, as sufficient oversizing must be provided to decrease the amount of paravalvular AR in 
this vulnerable patient category.14 The MCV31 certainly fills a clinical need as this registry shows that 
this larger valve is indicated in up to 12% of TAVI patients. In the following paragraphs the feasibility, 
efficacy and safety of the MCV31 will be discussed. 

Feasibility
Over the years transcatheter implantation of the Medtronic CoreValve has been performed with 
increasing success, reflecting evolving delivery techniques and operator experience.10 Several large 
registries reported excellent procedural success rates of third generation CoreValve 26 and 29 mm 
implantations, reaching nearly 98%.15,16 The results of MCV31 implantations reported in this study are 
at odds with this trend, as the need for second valve implantations had a major impact on the acute 
procedural success rate. The incidence of second CoreValve implantation was high (17.0%) compared 
to those reported in the real-world FRANCE2 and Sentinel registries (3.5% and 2.6%, respectively).15,17 

Second valve implantation was predominantly due to cases of too low first valve implantation, known 
to be the most common type of suboptimal CoreValve deployment causing significant paravalvular 
AR.18 Too low implantation of the prosthesis may lead to severe periprosthetic leakage, by leaving a 
gap between the aortic annulus plane and the pericardial skirt covering the prosthesis stent frame. 
TAV-in-TAV implantation is an established technique to address the problem of a low implant, while in 
selective cases snare catheter repositioning may be considered.18 Device success, as defined by VARC-
2, declined further in this registry as one case of delayed valve dislocation was observed, requiring 
re-TAVI. Interestingly, no previous reports on delayed dislocation following CoreValve implantation 
could be found. CoreValve dislocation is exclusively reported in the acute setting, occurring as 
valve embolization towards the ascending aorta, immediately after implantation or during snaring 
manoeuvres.19,20

Remarkably, all cases of malpositioning encountered in this registry comprised a too low position 
of the MCV31, occurring either acutely (initial too low implantation) or in a later phase (delayed 
dislocation towards the left ventricle). This finding may indicate an operators’ tendency for too low 
valve positioning, although local experience with other CoreValve sizes is not supportive. Otherwise, 
it may reflect an intrinsic property of the MCV31 to “creep into” the left ventricle during deployment 
and maybe even during the following days, as stent frame expansion continues. Prosthesis design 
may be attributable to this phenomenon, as the pronounced tapering of the stent frame inflow 
portion (producing an increasingly acute angle α, absent in the smaller CoreValves) may act like 
an expandable dowel during expansion, pulling the prosthesis deeper into the left ventricular 
outflow tract (Fig. 1). Importantly, due to the fact that only the most distal part of the inflow portion 
represents a 31 mm diameter, the valve should be implanted higher in the annulus than the smaller 
diameter valves.

The decision to incorporate too low implantation as well as valve dislocation in a composite 
malpositioning endpoint, was based on the assumption that both complications may share suboptimal 
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Table 5. Univariate analysis

Variable No malpositioning (N=35)* Malpositioning (N=11) P-value
Predictors for malpositioning
Pre-procedural LVEF (%) 45.8 ± 14.3 37.9 ± 15.8 0.11
Pre-procedural grade AR 1.0 [1.0] 1.0 [2.0] 0.57
Average annulus diameter (mm) 27.2 ± 1.6 27.5 ± 1.6 0.66
Aortic annulus > 29 mm 1 (2.8%) 1 (9.1%) 0.42
Percentage of oversizing† 12.5 ± 4.7 11.2 ± 5.0 0.34
Annulus eccentricity‡ 0.17 ± 0.09 0.13 ± 0.09 0.15
Transfemoral approach 26 (74.3%) 9 (81.8%) 1.00
Predilatation 25 (71.4%) 5 (45.5%) 0.15
    Balloon-size (mm) 25.0 [2] 23.0 [3] 0.14
    Balloon to annulus ratio§ 0.92 ± 0.08 0.89 ± 0.05 0.45
“Stabilizing” ventricular pacing 16 (47.1%) 5 (45.5%) 0.92
Impact on outcome
Fluoroscopy time (minutes) 21 [12] 27 [15] 0.07
Mortality 2 (5.7%) 1 (9.1%) 1.00
Stroke 1 (2.8%) 1 (9.1%) 0.42
New permanent pacemaker implantation|| 11 (39.3%) 2 (20.0%) 0.44
Acute kidney injury 4 (11.1%) 3 (27.3%) 0.33
Length of hospital stay 6 [3] 7 [9] 0.13

LVEF=Left Ventricular Ejection Fraction; AR=Aortic Regurgitation; * Excluding the patient who suffered aortic 
dissection and death prior to valve implantation; †  Calculated by the formula ([prosthesis diameter-average diameter]/
prosthesis diameter)*100 ‡  Calculated by the formula 1-(minimal diameter/maximal diameter), where 0 indicates the 
annulus is a perfect circle. §  Ratio of the balloon diameter and aortic annulus average diameter, increases as the balloon 
gets more oversized. ||  Excluding patients with prior pacemaker implantation.

valve positioning as underlying mechanism (although valve implantation height was not quantified). 
None of the variables used in univariate analysis was significantly related to this endpoint. However, 
pre-dilatation was more frequently applied in patients free of the composite malpositioning endpoint, 
with a modest trend towards more aggressive predilatation with larger balloons and a larger balloon to 
annulus ratio. Depressed left ventricular function may have been an important argument for leaving out 
pre-dilatation in patients in the malpositioning group, as an impaired left ventricular function may be 
more sensible to rapid pacing during pre-dilatation. For a long time pre-dilatation has been considered 
a mandatory step in TAVI, as it fractures valve calcifications and increases the effective orifice area, 
thereby facilitating an even deployment of the valve prosthesis. This concept is not supported by 
literature, however, as a feasibility study prospectively omitting predilatation in CoreValve procedures 
reported excellent results with achievement of technical success in 96.7% of 60 patients.21 Multivariate 
analysis on predictors of malpositioning was not performed as sample size was too small to generate 
robust data.

Efficacy
Post-implantation valve hemodynamics were good, considering the substantial significant decrease 
in both mean and peak transaortic gradients. None of the patients demonstrated residual stenosis 
on pre-discharge TTE. The incidence and the distribution of paravalvular AR were satisfactory, 
although post-dilatation, snaring and/or second valve implantation were indicated in half of the 
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cases. The second valve implantations in this study were highly efficacious for resolving severe 
paravalvular AR in case of too low implantations, reducing AR severity to mild in 7 out of 8 patients. 
The durability and long term safety of TAV-in-TAV procedures is yet to be established, but previously 
published one-year outcomes are promising.18

Overall, moderate AR was present in 14.9% of patients on discharge, an incidence well within the 
range reported in a meta-analysis of SAPIEN and CoreValve devices.22 The incidence of moderate 
AR found in this study can be considered elevated however, as compared to the recently published 
results of the Sentinel registry, reporting post-procedural moderate AR in 9.9% of patients treated  
with the CoreValve throughout 2011 and 2012.17

Safety
Total in-hospital death was 8.5% in this registry, which can be regarded rather high, as was the 
4.2% incidence of stroke. Delayed valve dislocation appeared to be a harmful complication, as one 
death was clearly related to the sequelae of this event. The sole case of intra-procedural mortality in 
this registry was due to aortic dissection, a rare and dreadful complication often leading to death. 
Importantly, aortic dissection occurred after failed attempts of crossing the native valve with the 
delivery catheter, prior to prosthesis deployment, and as such cannot be attributed to the MCV31 
device.

The absence of myocardial infarction in this study was not surprising, as reduced MCV31 
height may decrease the already uncommon occurrence of this complication. The rate of new 
permanent pacemaker implantation was on the high end of what is usually observed after CoreValve 
implantation.17,23 This may indicate a trend for lower device implantation in this cohort, as low 
placement is associated with conduction disorders after CoreValve procedures.24 Alternatively, it 
may be conceivable that the tapered design of the valve inflow portion leads to a more localized 
exertion of radial pressure to the subvalvular structures during deployment, thereby increasing 
the likelihood of damaging the conduction system. In contrast to previous data, the incidence of 
pacemaker implantation was not related to too low first valve placement requiring TAV-in-TAV 
implantation.18

No clear unfavourable effect of the MCV31 on mitral valve function could be discerned, although 
a benefit on MR as seen after Edwards SAPIEN implantation was absent.25 Despite increasing the 
potential for complications, acutely performed TAV-in-TAV procedures seemed to be safe in this 
cohort, since no additional morbidity or mortality was observed. Only a non-significant higher 
rate of stage 1 Acute Kidney Injury was noticed, probably due to the exposure to higher volumes of 
contrast fluids. 

Limitations
The present study is an observational retrospective multicenter single-arm registry and therefore 
subject to all shortcomings involved in retrospective research. MSCT and echocardiography 
images were not evaluated by a core lab which may have led to heterogeneity in valve sizing and 
assessment of paravalvular AR. Due to the sample size and observational retrospective nature, no 
firm conclusions can be drawn on the underlying cause of the low procedural success rates in this 
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registry. The absence of a control group consisting of patients treated with smaller CoreValve sizes 
leaves uncertainty whether the results are operator, patient or prosthesis determined. Importantly, 
no standard technique has been adopted for MCV31 implantation in this cohort, as for example no 
mandatory predilatation with pre-specified balloon size or use of pacing during implantation were 
required. Furthermore, this registry is focused on procedural and in-hospital outcomes and offers 
no insights into mid- and long-term safety and efficacy. Larger series of MCV31 implantations with 
longer follow-up duration, preferably matched to a cohort of smaller CoreValves, are necessary for 
thorough evaluation of this prosthesis.

CONCLUSION
In this retrospective multi-center registry transcatheter treatment of severe aortic valve stenosis 
with the MCV31 device appeared to be challenging, even in experienced hands. The valve should 
be implanted higher in the annulus than the smaller (26 and 29 mm) CoreValves, as only the short 
inflow portion of the valve represents a 31 mm diameter. Device success was low, predominantly due 
to malpositioning requiring second valve implantation. The rate of post-procedural new pacemaker 
implantations was high. If the MCV31 is properly implanted, it offers adequate valve hemodynamics 
and proper functioning.
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ABSTRACT
Background 
The new balloon-expandable SAPIEN3 transcatheter heart valve (S3-THV) incorporates new 
features to reduce aortic regurgitation (AR) and vascular complications in transcatheter aortic valve 
implantation (TAVI). Aim of this study is to compare the outcomes of the S3-THV with the preceding 
SAPIEN XT THV (SXT-THV) in patients who underwent TAVI for symptomatic severe native aortic 
stenosis (AS).

Methods 
Eligible patients were retrospectively identified in our institutional database and periprocedural 
clinical and imaging data were collected. Non-parsimonious one-to-many propensity score matching 
was performed to account for differences in baseline characteristics.

Results 
Between November 2011 and December 2014, 167 patients underwent balloon-expandable TAVI 
with either the S3-THV (n=49) or SXT-THV (n=118). Forty-four (89.8%) S3-THV patients were 
matched to 66 (55.9%) SXT-THV patients (mean age 80.3±8.4 and 80.5±7.8 years, median EuroSCORE 
15.8 and 16.5%, respectively). In the S3-THV and SXT-THV groups, transfemoral approach (77.3% 
vs. 78.8%) and postdilatation rates (15.9% vs. 12.1%) were similar. Pre-discharge echocardiography 
demonstrated a lower incidence of ≥ mild AR (15.9% vs. 46.2%, p=0.003) for the S3-THV, despite 
reduced annulus area to prosthesis oversizing (8.2±5.1 vs. 18.2±10.7%, p=0.001). Transfemoral access 
site related life-threatening or major bleedings and vascular complications were absent in the S3-
THV group (0% vs. 7.7%, p=0.15). No differences were observed in pacemaker implantation rate (9.8% 
vs. 8.8%, p=0.94) and 30-day mortality (both 5%).

Conclusions 
In this retrospective, propensity score matched analysis, the S3-THV performed superiorly to the 
SXT-THV, as demonstrated by improved valve patency and increased transfemoral access safety.
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BACKGROUND
Transcatheter aortic valve implantation (TAVI) has become a firmly established treatment option for 
symptomatic severe aortic stenosis (AS) in inoperable patients1 and patients at high operative risk.2, 

3 Although proven non-inferior to surgical aortic valve replacement (SAVR) in terms of all-cause 
mortality, TAVI is associated with a higher incidence of post-operative aortic regurgitation (AR) and 
vascular complications.2, 3 Other non-negligible TAVI-related complications are cerebral embolic 
events and advanced conduction disturbances.4 The extension of TAVI to lower risk populations 
requires minimization of these adverse events, partly depending on technological developments in 
transcatheter heart valves (THVs) and delivery systems.

Recently, the new balloon-expandable SAPIEN3 THV (S3-THV) (Edwards Lifesciences, Irvine, 
CA, USA) has become commercially available.5 The S3-THV embodies the next generation balloon-
expandable valve of the SAPIEN valve family, building on the clinical experiences gained with the 
previous SAPIEN XT-THV (SXT-THV) (Edwards Lifesciences, Irvine, CA, USA). With its new features, 
including an outer annular sealing cuff, improved delivery system and low crimped profile, the S3-
THV is thought to achieve better results than the preceding SXT-THV.5 Initial data from a multicenter 
registry prospectively evaluating the S3-THV looked promising, reporting low rates of AR, vascular 
complications and stroke.6 Comparative studies on the clinical outcomes of TAVI with the S3-THV 
and SXT-THV are currently scarce.

Aim of this study was to retrospectively compare the hemodynamic and clinical outcomes of 
TAVI with the S3-THV versus the SXT-THV in patients with symptomatic severe native AS. 

METHODS
This is a retrospective single center study. All patients who underwent TAVI for severe native AS at 
the University Medical Center Utrecht by means of S3-THV or SXT-THV implantation were identified 
in our institutional database and included in the study. Implantation of the SXT-THV had to be state-
of-the-art, meaning: performed with the Novaflex+ delivery system through an expandable sheath. 
Patients with bicuspid aortic valve anatomy or a degenerated surgical aortic valve were excluded 
from the study.

Patients were selected for TAVI based on Heart Team discussion involving at least one 
interventional cardiologist and one cardiac surgeon. Reasons to refrain from SAVR included high 
operative risk (logistic EuroSCORE-I≥15%) and the presence of contra-indications (e.g. porcelain 
aorta, frailty, patent grafts in proximity of the sternum). Workup of TAVI candidates included 
transthoracic echocardiography (TTE), coronary angiography, thoracic and abdominal multi-slice 
computed tomography (MSCT) and consultation of the geriatrics department.

Relevant periprocedural clinical and imaging data were collected and registered in a database. 
Follow-up was obtained using documentation of standard of care outpatient visits and survival 
status was attained by interrogation of the Dutch municipal personal records database. Outcomes 
were registered in compliance with the Valve Academic Research Consortium 2 (VARC-2) criteria. 
Device success was defined accordingly as the proper implantation of the first valve prosthesis used, 
with intended performance of the valve (peak aortic flow velocity <3m/s and no moderate or severe 



58  |  Chapter 4

AR) and no procedural mortality. Vascular complications were documented for all procedural access 
sites, defined as any location traversed by a guide-wire, a catheter or a sheath during the procedure, 
including arteries, veins, left ventricular apex and the aorta. 

All patients gave informed consent for the TAVI procedure and the study was performed under a 
waiver obtained from the institutional medical ethics committee (14-661/C).

Echocardiographic, angiographic and multi-slice computed tomography evaluation
All patients underwent TTE examination one day before TAVI and prior to discharge. Native valve 
function was assessed according to the guidelines.7, 8 Left ventricular ejection fraction (LVEF) was 
measured by the modified Simpson’s biplane method, or, in case of insufficient image quality, visually 
estimated and quantified in incremental steps of 5%. Prosthetic valve function was evaluated as 
recommended. Left ventricular outflow tract (LVOT) diameter measurements and Doppler velocity 
recordings for calculation of the effective orifice area (EOA) were performed just beneath the 
ventricular margin of the prosthetic stent, as previously validated.9 AR severity (both trans- and 
paraprosthetic) was assessed and classified by means of the integrative approach endorsed by the 
VARC-2 recommendations.10

Angiographic assessment of AR severity was performed according to the Sellers classification,11 
directly after valve implantation and following any countermeasures to address significant AR. 
Measurements of implantation depth and skewness of valve position were performed on angiographic 
images as previously described (see Supplementary Figure 1).12 Implantation depth is presented 
both in percentages of stent frame height extending below the annulus plane and in millimeters. 
All measurements were performed by operators experienced in angiographic evaluations and 
independent from the procedure itself.

Pre-procedural MSCT evaluation included measurement of the aortic annulus and aortic root 
dimensions, and eligibility assessment of the TAVI access sites. Aortic annulus dimensions (minimum 
diameter, maximum diameter, perimeter and area) were measured according to standard procedures 
using dedicated software (3Mensio, Pie Medical Imaging, Maastricht, The Netherlands). Valve prosthesis 
size was selected in accordance with the manufacturer recommendations (Figure 1).

Valve devices
The SXT-THV and its new iteration S3-THV, are both balloon-expandable valves that consist of a 
tri-leaflet bovine pericardial valve sewn into a cobalt-chromium frame. The lower two-thirds of the 
frame are covered with an internal polyethylene terephthalate (PET) skirt. New feature to the S3 is 
the external PET sealing cuff designed to improve apposition with the aortic annulus and minimize 
paravalvular leakage. Other improvements to the S3-THV are the enhanced frame geometry that 
allows lower delivery profiles and the higher radial strength for better maintenance of circularity 
after deployment.13 Both the SXT-THV and S3-THV valves are available in the sizes 23-mm, 26-mm 
and 29-mm, while currently only the SXT-THV has a 20-mm version to accommodate small annuli. 
In the transfemoral approach, the SXT-THV and S3-THV valves are implanted with the NovaFlex+ 
and Commander delivery systems, respectively, introduced through expandable sheaths (eSheath; 
Edwards Lifesciences, Irvine, CA , USA). In transapical or direct aortic procedures, the SXT-THV 
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and S3-THV are deployed with the Ascendra and Certitude delivery systems, respectively. New 
refinement to the transfemoral S3-THV delivery system is a fine alignment wheel that allows small 
changes to prosthesis position without having to push or pull the whole delivery system, increasing 
positioning precision. Device characteristics and sizing charts for the SXT-THV and S3-THV are 
provided in Figure 1.
 

Figure 1. Device characteristics and sizing recommendations for SAPIEN 3 (A) and SAPIEN XT (B).

Implantation procedure and technique
Valve implantation was performed per transfemoral, transaortic or transapical approach, in 
order of our institutional preference, depending on the presence of suitable access sites. Common 
access techniques were used. All transfemoral procedures involved a full percutaneous technique. 
Suture-mediated closure devices (Perclose ProGlide; Abbott Laboratories, Abbott Park, IL, USA) 
were inserted into the femoral arteries to facilitate vascular closure. Conscious sedation was the 
default anesthetic method in transfemoral procedures, in surgical TAVI general anesthesia was 
instituted. Fluoroscopic guidance was used to guide prosthesis positioning and deployment, while 
intraprocedural imaging support was accounted for by intracardiac echocardiography (ICE) in 
the transfemoral and transesophageal echocardiography (TEE) in surgical TAVI procedures. After 
routine predilatation to prepare the device landing zone, valve implantation was performed under 
rapid ventricular pacing (180-200 bpm) by means of a two-step inflation technique, as previously 
described for SXT-THV.12 The S3-THV was deployed during one slow inflation (5-10 seconds). 
Prosthesis position and function as well as patency of the coronary ostia were evaluated with 
angiography and ICE or TEE. Significant aortic regurgitation was addressed by post-dilatation or 
second valve implantation, at discretion of the operator.



60  |  Chapter 4

Statistical analysis
Data were analyzed using IBM SPSS Statistics software version 20 (IBM Corp., Armonk, NY, USA) and 
R version 2.12.0 (http://www.r-project.org). Continuous variables are presented as means±standard 
deviation or medians [interquartile range], as considered appropriate, and categorical variables as 
counts and percentages. Comparison of continuous variables between groups was performed with 
the Student’s T test or Mann-Whitney test, depending on data distribution. Categorical variables were 
compared using Chi-square or Fisher’s Exact test, as considered appropriate. Two-tailed p-values <0.05 
were considered statistically significant.

Propensity score matching was performed to adjust for differences in baseline characteristics 
between the S3-THV and SXT-THV groups. The propensity score, reflecting the propensity of being 
treated with the S3-THV, was calculated by means of non-parsimonious binary logistic regression 
including the following baseline features: age, gender, BMI, hypertension, diabetes, GFR, coronary 
artery disease, peripheral artery disease, cerebrovascular disease, myocardial infarction, percutaneous 
coronary intervention, coronary artery bypass grafting, atrial fibrillation, COPD, pulmonary 
hypertension, porcelain aorta, left ventricular ejection fraction, mean transaortic pressure gradient, 
baseline moderate to severe AR and procedural access. The two groups were matched on the logit 
of the propensity score (caliper set to 0.20) using a greedy, nearest neighbor, one (S3-THV) to many 
(SXT-THV) matching algorithm. Balance diagnostics were performed by inspection of the weighted 
standardized mean differences (d) (<0.20 indicating adequate balance) as previously devised.14 In the 
absence of expert consensus on the estimation of treatment effects in propensity score matching, the 2 
matched groups were handled as unpaired independent groups.15 Although all reported values for the 
matched control group represent unweighted data for transparency purposes, all statistical analyses 
were weighted for the number of matches.

RESULTS
Between November 2011 and December 2014, out of 253 patients treated with TAVI because of severe 
symptomatic AS at the University Medical Center Utrecht, 168 (66.9%) received a balloon-expandable 
valve. One SXT-THV patient was excluded because of degenerated surgical valve disease, leaving 167 
patients for further analysis. Forty-nine (29.3%) patients received a S3-THV (which was introduced in 
February 2014) and 118 (70.7%) a SXT-THV. Baseline characteristics, procedural features and outcomes 
of the total population are provided in Supplementary Table 1-3. The overall S3 and SXT-THV 
groups were comparable with respect to logistic EuroSCORE (median 15.8% vs. 16.0%, p=0.899) and 
comorbidities. In the S3-THV group, there was a trend towards a lower incidence of renal impairment 
(49% vs. 63%, p=0.088) and atrial fibrillation (25% vs. 39%, p=0.084), with significantly lower LVEF 
(48.5±12.4 vs. 52.7±12.2%, p=0.043).

By means of one-to-many propensity score matching, 44 (89.8%) S3-THV patients were matched to 
66 (55.9%) SXT-THV patients (1.5 match per S3-THV patient on average). Baseline characteristics were 
well balanced, whereas imaging data showed differences between the matched groups (see Table 1). 
Aortic annuli were larger in the S3-THV group, demonstrated by the significantly larger diameter and 
area measurements on MSCT (all p<0.05). For each prosthesis size (23-mm, 26-mm and 29-mm), larger 



Propensity Score Matched Comparison of SAPIEN 3 and SAPIEN XT  |  61

Table 1. Baseline clinical characteristics and imaging data.

SAPIEN 3 
(n=44)

SAPIEN XT 
(n=66)

Weighted 
d

Weighted 
p

Age, years 80.3±8.4 80.5±7.8 0.002 0.99
Male gender 19 (43.2) 26 (39.4) 0.043 0.83
BMI, kg/m2 25.5±4.0 25.6±3.8 -0.096 0.99
BSA, m2 1.82±0.20 1.80±0.18 0.109 0.61
Logistic EuroSCORE, % 15.8 [9.9-23.4] 16.5 [11.4-22.2] -0.070 0.90
NYHA class III/IV 22 (50.0) 42 (63.6) -0.163 0.28
Recent cardiac decompensation (within 3 months) 10 (22.7) 15 (22.7) 0.000 1.00
Diabetes mellitus 14 (31.8) 23 (34.8) 0.000 1.00
Hypertension 26 (59.1) 39 (59.1) 0.000 1.00
COPD 10 (22.7) 14 (21.2) 0.038 0.80
Glomerular filtration rate (mL/min) 63.6±22.3 64.5±22.5 -0.039 0.86
Renal impairment (GFR <60  mL/min) 23 (52.3) 30 (45.5) 0.163 0.29
Dialysis 0 0
Cerebrovascular disease 10 (22.7) 15(22.7) 0.000 1.00
Peripheral artery disease 14 (31.8) 18 (27.2) 0.045 0.76
Coronary artery disease 23 (52.3) 33 (50.0) 0.048 0.75
Prior myocardial infarction 5 (11.4) 13 (19.7) -0.168 0.26
Prior PCI 16 (36.4) 23 (34.8) 0.034 0.82
Prior CABG 6 (13.6) 8 (12.1) 0.000 1.00
Prior BAV 0 3 (4.5) -0.197 0.49
Atrial fibrillation 11 (25.0) 19 (28.8) 0.038 0.80
First degree atrioventricular block* 7/41 (17.1) 6/57 (10.5) 0.136 0.38
Right bundle branch block* 2/41 (4.9) 4/57 (7.0) -0.122 1.00
Left bundle branch block* 3/41 (7.3) 5/57 (8.8) -0.039 0.80
Prior pacemaker implantation 3 (6.8) 9 (13.6) -0.160 0.48
Pulmonary hypertension 4 (9.1) 4 (6.1) -0.074 0.68
Porcelain aorta 4 (9.1) 10 (15.2) -0.094 0.74
Echocardiography data
LVEF, %   50.0±11.4 49.6±13.0 0.023 0.63
Moderate to severe left ventricular dysfunction† 10 (22.7) 16 (24.2) -0.066 0.67
Peak aortic gradient, mmHg 65.4±21.3 68.6±21.4 -0.174 0.42
Mean aortic gradient, mmHg 38.9±15.0 40.7±15.0 -0.191 0.50
Indexed aortic valve area, cm2/m2 0.41±0.11 0.38±0.09 0.434 0.081
Systolic pressure of pulmonary artery, mmHg‡ 38.8±14.3 41.6±11.2 -0.149 0.57
Moderate or severe aortic regurgitation 5 (11.4) 9 (13.6) -0.041 0.78
Moderate or severe mitral regurgitation 11 (25.0) 14 (21.2) 0.066 0.80
Multi-slice computed tomography data
Aortic annulus minor diameter, mm 22.0±2.6 21.0±2.0 0.480 0.038
Aortic annulus major diameter, mm 27.7±2.8 26.6±2.2 0.560 0.011
Aortic annulus mean diameter, mm 24.8±2.1 23.8±2.0 0.459 0.045
Eccentricity index§ 0.21 [0.16-0.23] 0.21 [0.19-0.24] -0.212 0.36
Aortic annulus area, mm2  486±76 445±71 0.519 0.023
Aortic annulus area derived diameter, mm 24.8±2.0 23.7±1.9 0.520 0.023

BAV=Balloon Aortic Valvuloplasty; BMI=Body Mass Index; BSA=Body Surface Area; CABG=Coronary Artery Bypass 
Grafting, COPD=Chronic Obstructive Pulmonary Disease; LVEF=Left ventricular ejection fraction; NYHA=New York 
Heart Association; PCI=Percutaneous Coronary Intervention. * As a percentage of patients without prior pacemaker 
implantation. † Defined as left ventricular ejection fraction ≤40%. ‡ Presented for 100 patients (n=46 for SXT and n=30 
for S3). §  Calculated as 1-(minor diameter/major diameter), where an index of 1.00 indicates a perfect circular shape.
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annuli were treated with the S3-THV, with significantly lower percentage area and mean diameter 
oversizing (Figure 2A-B).

The majority of S3- and SXT-THV patients were treated with transfemoral TAVI (77.3% and 78.8%) 
under local anesthesia. The S3-THV was implanted higher (i.e. more aortic), indicated by the lesser 
percentage of stent frame height extending below the annulus plane (20.0±11.9 vs. 31.0±11.7%, p<0.001) 
and lower implantation depth (4.0±2.2 vs. 5.3±2.1 mm, p<0.001). Skewness of final valve position was 
smaller for the S3-THV (3.5±3.2 vs. 5.3±3.8%, p=0.034). The incidence of post-dilatation was comparable 
among the groups: 15.9% for the S3-THV and 12.1% for the SXT-THV (p=0.55). An overview of procedural 
features is provided in Table 2.
 
Table 2. Procedural features.  

SAPIEN 3 (n=44) SAPIEN XT (n=66) Weighted p
Procedural access* 0.95
     Transfemoral 34 (77.3) 52 (78.8)
     Transapical/transaortic 10 (22.7) 14 (21.2)
General anesthesia 12 (27.3) 15 (22.7) 0.76
Use of cardiopulmonary bypass 0 0
Predilatation 43 (97.3) 66 (100) 1.00
Implanted prosthesis size 0.82
    23-mm 8 (18.2) 18 (27.3)
    26-mm 24 (54.5) 32 (48.5)
    29-mm 12 (27.3) 16 (24.2)
Deployment balloon underfilling (by 1 cc) 0 3 (4.5) 0.49
Stent frame height extending below annulus plane, % 20.0±11.9 31.0±11.7 <0.001
Prosthesis implantation depth, mm 4.0±2.2 5.3±2.1 <0.001
Skewness of prosthesis final position†, % 3.5±3.2 5.3±3.8 0.034
Post-dilatation 7 (15.9) 8 (12.1) 0.55
Balloon area to prosthesis nominal area ratio 0.92 [0.92-0.92] 0.92 [0.92-1.00] 0.43
Second valve implantation 0 0
Valve malpositioning 0 0
Coronary artery obstruction 1 (2.3) 0 1.00
Conversion to cardiac surgery 0 1 (1.5) 1.00
Intra-procedural death 0 0
Fluoroscopy time, min 12.8 [10.0-14.6] 15.1 [12.0-18.3] 0.045
Contrast volume, ml 130 [120-150] 150 [125-180] 0.024
Acute device success 44 (100) 62 (93.9) 0.32

*  The weighted d-value for procedural access was 0.008. †  Difference in stent frame height extending below the 
annulus plane at both margins of the aortic annulus.

Although not statistically significant, initial angiography showed a clear trend towards lower 
Grade ≥2+ AR (4.5% vs. 15.1%, p=0.080) in the S3-THV group (Figure 3A). On final angiography, a 
significant difference in AR grade was observed, with lower Grade 1+ (13.6% vs. 34.8%, p=0.002) and 
Grade 2+ AR (0% vs. 6.1%, p=0.148) for the S3-THV (Figure 3B). No cases of grade 3 AR were recorded 
in any group. One case of coronary obstruction occurred in the S3-THV group (not due to the device, 
but to compression of a diseased ostium of the right coronary artery by the deployment balloon), 
successfully treated with immediate PCI with stenting. Emergency surgery was required in one SXT-
THV patient due to cardiac tamponade not resolved by subxiphoid pericardiocentesis.
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Figure 2. Sizing data for SAPIEN 3 and SAPIEN XT prostheses. Area derived aortic annulus diameter of the treated 
valves presented per prosthesis type and size (A). Percentage oversizing with respect to the aortic annulus area and the 
mean diameter for both prosthesis types (B). Data are presented as mean ± SD.

Figure 3. Aortic regurgitation (AR) evaluated by angiography and transthoracic echocardiography. Initial angiographic 

AR grade immediately after valve implantation (A). Final angiographic AR grade following any AR reducing measures (B). 

Baseline echocardiographic AR severity of the native valve (C). Pre-discharge prosthetic AR severity on echocardiography (D).
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Table 3. Pre-discharge echocardiography and in-hospital clinical outcome.

 SAPIEN 3 (n=44) SAPIEN XT (n=66) Weighted p
Echocardiography data (n=44) (n=65)
Peak aortic gradient, mmHg 18.7±6.0 17.1±6.6 0.19
Mean aortic gradient, mmHg 9.6±3.3 9.3±3.3 0.58
Effective orifice area, cm2 1.66±0.30 1.58±0.26 0.28
Aortic regurgitation
     ≥Mild 7 (15.9) 30 (46.2) 0.003
     Moderate 0 5 (7.7) 0.12
Number of regurgitant jets 0.53
     1 3/7 (42.9) 17/30 (56.7)
     2 3/7 (42.9) 11/30 (36.7)
     3 1/7 (14.3) 2/30 (6.7)
Type of aortic regurgitation 1.00
     Paravalvular 7/7 (100) 29/30 (96.7)
     Central 0 0
     Mixed 0 1/30 (3.3)
Moderate or severe mitral regurgitation 4 (9.1) 9 (13.6) 0.50
In-hospital clinical outcome
All-cause mortality 2 (4.5) 2 (3.0) 1.00
Stroke or TIA 1 (2.3) 2 (3.0) 1.00
     Disabling stroke 0 1 (1.5) 1.00
     Non-disabling stroke 0 1 (1.5) 1.00
     TIA 1 (2.3) 0 0.39
Myocardial infarction 1 (2.3) 0 1.00
Bleeding
     Life-threatening 1 (2.3) 8 (12.1) 0.083
     Major 1 (2.3) 4 (6.1) 0.70
     Transfemoral TAVI access site related 0/34 (0) 4/52 (7.7) 0.15
Vascular complication
     Major 2 (4.5) 11 (16.7) 0.044
     Transfemoral TAVI access site related 0/34 (0) 4/52 (7.7) 0.15
Blood transfusions ≥1 3 (6.8) 10 (15.2) 0.18
Acute kidney injury
    Any 3 (6.8) 4 (6.1) 1.00
    Stage 2 or 3 2 (4.5) 0 0.49
Permanent pacemaker implantation* 4/41 (9.8) 5/57 (8.8) 0.94
Any device failure requiring reintervention 0 1 (1.5) 1.00
30-day all-cause mortality 2 (4.5) 3 (4.5) 1.00

* As a percentage of patients without prior pacemaker implantation.

All patients in the S3-THV and 65 (98.5%) in the SXT-THV group underwent pre-discharge TTE. 
Peak and mean aortic transvalvular pressure gradients decreased significantly in both groups (both 
p<0.001), with no cases of residual stenosis. There was a significant difference in pre-discharge AR 
severity on TTE, with lower rates of mild AR (15.9% vs. 38.5%, p=0.003) and moderate AR (0% vs. 7.7%, 
p=0.075) in the S3-THV group (Figure 3D). No cases of severe AR were reported in any group. Figure 
4 shows the comparative risk for ≥ mild (or Grade I+) AR on angiography and pre-discharge TTE 
after TAVI. Exploratory univariable analysis for each valve type, revealed percentage area and mean 
diameter oversizing as the only factors associated with ≥ mild AR (Supplementary Table 4).
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Figure 4. Comparative risk for ≥ mild AR after 

TAVI with the SAPIEN 3 versus SAPIEN XT.

In-hospital clinical outcomes are 
presented in Table 3. Numerical lower 
rates of life-threatening bleeding (2.3% 
vs. 12.1%, p=0.083), major bleeding (2.3% 
vs. 6.1%, p=0.70) and major vascular 
complications (4.5% vs. 16.7%, p=0.044) 
were observed for the S3-THV. No life-
threatening or major bleedings, neither 
major vascular complications were 
related to the transfemoral access site 
in the S3-THV group compared to 4 
(7.7%) in the SXT-THV group (p=0.15). 

Pacemaker implantation rates were similar for both valves (9.8% vs. 8.8%, p=0.94), pacemaker 
indications exclusively comprised complete heart block. No differences in in-hospital and 30-day 
mortality were noted among the valves. In the S3-THV group, one in-hospital death was due to 
haematothorax leading to respiratory failure, while the second fatality was caused by post-operative 
mesenteric ischemia related to preexisting severe atherosclerosis (both transapical cases). 

In the SXT-THV group, the in-hospital deaths (all transfemoral cases) were due to delayed valve 
embolization towards the left ventricle with acute heart failure, and recurrent apnea of unknown 
origin (stroke was ruled out). One additional death occurred within 30-days in the SXT-THV group 
due to the late sequelae of an intra-procedural disabling stroke (transfemoral case). Weighted 
outcome data for the matched SAPIEN XT cohort are provided in Supplementary Table 3. 

DISCUSSION
The purpose of the present study was to compare the outcomes of the new balloon-expandable 
S3-THV with the preceding SXT-THV in TAVI for severe AS. All of the SXT-THV procedures were 
state-of-the-art: using the Novaflex+ deployment catheter and expandable sheaths. Main findings 
of this study are: 1) a lower incidence of paravalvular AR for the S3-THV, in the presence of similar 
post-dilatation rates and less extensive prosthesis to aortic annulus oversizing, 2) absence of 
major transfemoral access site bleedings and vascular complications for the S3-THV, and 3) similar 
pacemaker implantation rates for both valves.

Although the outcomes of TAVI have improved over the past years, the technique remained sensitive 
to complications related to the arterial introduction of large bore sheaths and the implantation of valve 
prostheses without suturing under direct sight. Unsurprisingly, the pivotal PARTNER IA trial evaluating 
TAVI with the first SAPIEN prosthesis against SAVR, showed higher rates of vascular complications 
and paravalvular AR.2 Important progress in reducing vascular adverse events was made with the 
introduction of the subsequent SXT-THV, as demonstrated in the PARTNER IIB trial 16. Unfortunately, 
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the amount of downsizing established with the SXT-THV system did not reduce the rate of stroke, 
nor did prosthesis design positively impact paravalvular leakage.16 Therefore, the S3-THV has been 
developed: a new THV that not only incorporates further miniaturizing of the delivery system, but also 
includes an outer sealing cuff at the bottom of the stent frame to reduce paravalvular AR. In addition, 
it comes with a sophisticated delivery system that offers better flexing and fine-tuning abilities to 
improve co-axial engagement and precise valve positioning.5

The first reports on S3-THV short-term performance indicate that the refinements to valve 
and delivery system design paid off.6, 13, 17 The prospective SAPIEN3 safety and performance study 
demonstrated one of the lowest rates of stroke (2.7%), major vascular complications (5.3%), and mild 
(23.6%) and moderate AR (3.8%) to date in a combined population of transfemoral and transapical 
TAVI.6 Our present results show similar trends for the S3-THV. More importantly, the S3-THV yielded 
results superior to the preceding SXT-THV in a matched population of TAVI patients, especially with 
respect to the incidence and severity of post-procedure AR.

Ever since the introduction of TAVI, post-procedural AR has been a major limitation of this 
technique and source of criticism from conservative cardiac surgeons. Local anatomical challenges 
(heavy cusp and LVOT calcifications),18, 19 but also inappropriate valve sizing, cause incomplete 
apposition of the prosthesis stent to the aortic annulus resulting in paravalvular leaks. Initial data 
reported ≥moderate AR ranging from 2-71% for balloon-expandable valves, achieved in the setting 
of echocardiographic valve sizing using unidirectional annular measurements.20 The introduction of 
more precise MSCT guided sizing led to a 50% reduction in the rate of ≥moderate AR.21-23 Nevertheless, 
the incidence of ≥mild AR remained greater than 55% in these series,21, 22 comparable to the 46% 
observed in our SXT-THV group. Impressively, our present analysis found a nearly threefold lower 
≥mild AR rate of 16% for the S3-THV, which is even lower than the 25% reported in the SAPIEN3 
performance study. A previous comparison of the S3- and SXT-THV reported a six-fold (7 vs. 41%) 
reduction in ≥mild paravalvular AR, however.17

The reduction of post-procedure AR established with the S3-THV is of great importance, as 
several studies demonstrated decreased survival for even mild AR.24, 25 Although causality is difficult 
to substantiate in observational research, increased survival may be expected. It seems self-evident 
that the reduced rate of paravalvular AR is accomplished by improved annular sealing, as the external 
cuff fills up irregularities in adjacent aortic annulus and LVOT boundaries.13, 17 The sealing abilities of 
the cuff are to such an extent that minimal oversizing, just enough to provide sufficient anchoring of 
the valve, seems effective for producing excellent valve patency. Hence, the observed 43% reduction 
in annular area oversizing for the S3-THV compared to the SXT-THV in the present study. In the 
SAPIEN3 registry, area oversizing (<7%) was even less than in our series (<11%).6 Of note, reduced 
oversizing was not associated with higher prosthetic gradients or reduced EOA for the S3-THV in 
the present analysis. Positive side-effect of less aggressive oversizing may be a reduced risk of related 
complications, such as annular rupture and conduction disturbances.26, 27 Future implementation of 
the sizing recommendations derived from the SAPIEN3 study may lead to even better results with 
the S3-THV in terms of valve patency.

Previous studies suggested a reduced postdilatation rate for the S3-THV,6, 17 as the need for 
postdilatation ranges between 12-20% for the SXT-THV,21, 28 while figures of only 3-4% have been 
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reported for the S3-THV.6, 17 Our 16% incidence of postdilatation for the S3-THV may be related to 
a lower threshold, as mild AR was no longer regarded a satisfactory result due to anticipated valve 
performance and prognostic considerations. Another contributing factor to the postdilatation rate 
may have been a tendency towards incomplete S3-THV stent frame expansion or “shortening”, after 
initial placement, a phenomenon observed in our experience that may promote postdilatation in 
the presence of only mild AR. Since the S3-THV is less oversized, postdilatation may be regarded 
more safe with respect to mechanical complications. Postdilatation should not be performed 
lightheartedly, however, as there is evidence it may lead to an increase in cerebral embolic events.29, 

30 Whether it is advisable to post-dilate in an attempt to further reduce mild AR to none remains to 
be determined.

Interestingly, our matched analysis found similar pacemaker implantation rates for the S3- and 
SXT-THV. Preliminary S3-THV data raised concerns of an increased pacemaker dependency, as 
the increased valve height may lead to a larger portion of the stent frame extending in the LVOT, a 
well-known predictor of pacemaker implantations.31, 32 The 9.8% pacemaker rate of S3-THV in this 
analysis and the 13.3% observed in the SAPIEN3 performance study are indeed at the high end of 
what is usual for SAPIEN valves (median 6% [4-7] in a recent meta-analysis), although rates vary 
considerably between studies.33 In contrast, Tarantini and colleagues reported a seemingly excessive 
pacemaker rate of 20.7% for the S3-THV, which was related to an implantation depth ≥8 mm.34 Only 
2 of the S3-THVs in this study were implanted that deep (in one case leading to persistent complete 
heart block and pacemaker implantation). High placement of the S3-THV is preferable in our 
experience, not only to evade conduction disturbances associated with deep implantations, but 
also to take full advantage of the sealing properties of the external cuff when positioned within (or 
just below) the aortic annulus. In our S3-THV procedures we aim for a 80/20 implantation (80% of 
stent frame height aortic and 20% ventricular), provided that aortic root anatomy accommodates 
an implantation this high (aortic sinuses should be sufficiently wide or coronary ostia located 
distally enough to avoid obstruction of the coronaries). To accomplish this, deployment of the S3-
THV is initiated with the central marker just (about 1-2 mm) above the annular plane, exploiting 
a slow inflation technique (5-10 seconds to full inflation) which can be interrupted to allow small 
adjustments to valve position when needed. This precise valve positioning is facilitated by the S3-
THV delivery system, in particular the fine-tuning knob for advancing or retracting the prosthesis, 
which may help to prevent out of range implantations.13 In this regard, more co-axial engagement, 
as reflected in the reduced skewness of valve position in our series, provides additional value by 
safeguarding equally high valve placement at both margins of the aortic annulus.

The absence of transfemoral access site related major vascular and bleeding complications 
observed for the S3-THV is likely related to reduced sheath size. Sheath size, and especially sheath 
external diameter to minimal femoral diameter artery ratio (≥1.05), have been previously associated 
with major vascular complications.35 The 14 and 16-F sheaths of the S3-THV allow more margin with 
respect to this ratio and provide access to smaller vascular anatomies, which qualifies more patients 
to undergo safe transfemoral TAVI.
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LIMITATIONS
Main limitations of this study are sample size and the retrospective, nonrandomized, single center 
design. Although propensity score matching is a well-accepted approach in observational research 
to address differences in baseline characteristics, it cannot account for unmeasured bias. In this 
regard, the extent and severity of native valve and LVOT calcification, both reported as predictors 
of post-TAVI AR, were not systematically recorded and their potential impact on study results is 
therefore unknown. In addition, the SXT-THV group comprised of historical controls, as both THVs 
were not simultaneously used during the course of our TAVI program.

CONCLUSION
In this single center, retrospective, propensity score matched analysis, the new S3-THV demonstrated 
lower rates of post-procedure AR compared to the preceding SXT-THV. The reduction in both the 
incidence and severity of AR was achieved in the presence of less extensive prosthesis to aortic 
annulus oversizing, which may reduce the risk for annular rupture and conduction disturbances. 
Furthermore, the S3-THV was devoid of significant transfemoral access site related bleeding and 
vascular complications. With its exceptionally low rate of complications, improved valve patency 
and increased transfemoral access safety, the S3-THV seems to meet the demands for the further 
extension of TAVI to lower risk populations.
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SUPPLEMENTAL MATERIAL
Supplementary figures and figure legends

Figure 1. Angiographic measurement of implantation depth and skewness of valve position. Valve height was measured 
at both left (a) and right (b) stent frame edges, as was the portion of stent frame extending below the lower sinus border 
(c and d) (A). Average implantation depth was calculated in percentages of the total stent frame height using the formula 
[(c/a)+(d/b)]/2*100. Skewness of valve position was calculated as the absolute difference in the percentage of stent frame 
height extending below the annulus plane at both margins of the aortic annulus (| c-d|). Deviation of the delivery catheter 
from coaxiality may lead to a skewed valve position, therefore this parameter can be considered a surrogate measurement 
for co-axial engagement in the 2 dimensional plane. Two illustrative examples are provided (A and B) for SAPIEN XT 
implantations.
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Table 1. Baseline clinical characteristics and imaging data of the total study population.

Overall 
(n=167)

SAPIEN 3 
(n=49)

SAPIEN XT 
(n=118)

p

Age, years 80.9±7.2 80.4±7.9 81.0±6.8 0.61
Male gender 61 (37) 22 (45) 39 (33) 0.16
BMI, Kg/m2 25.8±4.0 25.4±34.0 25.3±4.1 0.36
BSA, m2 1.81±0.18 1.81±0.20 1.81±0.18 0.99
Logistic EuroSCORE, % 15.7 [11.0-22.6] 15.8 [11.6-22.9] 16.0 [10.7-22.8] 0.90
NYHA class III-IV 97 (58) 26 (53) 71 (61) 0.36
Recent decompensation 34 (21) 12 (25) 22 (19) 0.42
Diabetes mellitus 48 (29) 14 (29) 34 (29) 0.95
Hypertension 63 (38) 20 (41) 43 (37) 0.62
COPD 34 (21) 10 (20) 24 (21) 0.99
Glomerular filtration rate (mL/min) 58.1±22.3 65.4±23.4 55.2±23.4 0.014
Renal impairment (GFR <60  mL/min) 98 (59) 24 (49) 74 (63) 0.088
Dialysis 2 (1) 0 2 (2) 1.00
Cerebrovascular disease 35 (21) 10 (20) 25 (21) 0.89
Peripheral artery disease 48 (29) 16 (33) 32 (27) 0.49
Coronary artery disease 80 (48) 23 (47) 57 (49) 0.83
Prior myocardial infarction 33 (20) 8 (16) 25 (21) 0.46
Prior PCI 62 (37) 18 (37) 44 (38) 0.92
Prior CABG 25 (15) 6 (12) 19 (16) 0.51
Prior BAV 4 (2) 1 (2) 3(3) 1.00
Atrial fibrillation 57 (34) 12 (25) 45 (39) 0.084
First degree atrioventricular block* 22/152 (15) 8/44 (18) 14/108 (13) 0.41
Right bundle branch block* 12/152 (8) 2/44 (5) 8/108 (7) 0.73
Left bundle branch block* 11/152 (7) 3/44 (7) 8/108 (7) 1.00
Prior pacemaker implantation 15 (9) 5 (10) 10 (9) 0.77
Pulmonary hypertension 8 (5) 4 (8) 4 (3) 0.24
Porcelain aorta 23 (14) 4 (8) 19 (16) 0.17
Echocardiography data
LVEF, %   51.5±12.4 48.5±12.4 52.7±12.2 0.043
Moderate-severe left ventricular dysfunction† 33 (20) 14 (29) 19 (16) 0.069
Peak aortic gradient, mmHg 66.9±21.2 63.5±21.5 68.0±21.0 0.18
Mean aortic gradient, mmHg 39.7±14.4 37.8±14.2 40.5±14.5 0.27
Indexed aortic valve area, cm2/m2 0.38±0.10 0.41±0.11 0.37±0.09 0.037
Systolic pressure of pulmonary artery, mmHg‡ 39.0±11.8 38.6±13.8 39.2±11.1 0.82
Moderate or severe aortic regurgitation 29 (18) 5 (10) 24 (21) 0.11
Moderate or severe mitral regurgitation 39 (24) 13 (28) 26 (22) 0.46
Multi-slice computed tomography data
Aortic annulus minor diameter, mm 21.2±2.3 21.9±1.9 20.9±1.9 0.003
Aortic annulus major diameter, mm 26.8±2.3 27.5±2.7 26.5±2.2 0.014
Aortic annulus mean diameter, mm 24.0±2.0 24.7±2.1 23.7±2.0 0.005
Eccentricity index§ 0.21 [0.18-0.25] 0.21 [0.15-0.25] 0.21 [0.19-0.25] 0.31
Aortic annulus area, mm2  454±74 483±77 441±71 0.001
Aortic annulus area derived diameter, mm 23.9±1.9 24.7±2.0 23.6±1.9 0.001

BAV=Balloon Aortic Valvuloplasty; BMI=Body Mass Index; BSA=Body Surface Area; CABG=Coronary Artery Bypass 
Grafting, COPD=Chronic Obstructive Pulmonary Disease; LVEF=Left ventricular ejection fraction; NYHA=New York 
Heart Association; PCI=Percutaneous Coronary Intervention.  * As a percentage of patients without prior pacemaker 
implantation. † Defined as left ventricular ejection fraction ≤40%. ‡ Presented for 100 patients (n=46 for SXT and n=30 
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for S3). § Calculated as 1-(minor diameter/major diameter), where an index of 1.00 indicates a perfect circular shape.

Table 2. Procedural features.

Overall (n=167) SAPIEN 3 (n=49) SAPIEN XT (n=118) p
Procedural access* 0.39
     Transfemoral 133 (80) 37 (76) 96 (81)
     Transapical/transaortic 34 (20) 12 (25) 22 (19)
General anesthesia 38 (23) 14 (29) 24 (20) 0.25
Use of cardiopulmonary bypass 0 0 0
Predilatation 166 (99) 48 (98) 118 (100) 0.29
Implanted prosthesis size 0.46
    23-mm 39 (23) 9 (18) 30 (25)
    26-mm 92 (55) 27 (55) 65 (55)
    29-mm 36 (22) 13 (27) 23 (20)
Deployment balloon underfilling (by 1 cc) 9 (5) 0 9 (8) 0.043
Stent frame height extending below annulus, % 28.5±12.8 20.8±11.9 31.4±11.9 <0.001
Prosthesis implantation depth, mm 5.7±2.6 4.2±2.3 6.3±2.4 <0.001
Skewness of prosthesis final position†, % 4.9±4.1 3.8±3.5 5.3±4.2 0.039
Post-dilatation 20 (12) 7 (14) 13 (11) 0.55
Balloon area to prosthesis nominal area ratio 0.96 [0.96-1.00] 0.96 [0.96-0.96] 0.96 [0.96-1.00] 0.11
Second valve implantation 2 (1) 0 2 (2) 1.00
Valve malpositioning 0 0 0
Coronary artery obstruction 1 (1) 1 (2) 0 0.29
Conversion to cardiac surgery 1 (1) 0 1 (1) 1.00
Intra-procedural death 0 0 0
Fluoroscopy time, min 14.5 [11.8-18.1] 11.5 [8.6-14.3] 15.0 [12.5-18.3] 0.001
Contrast volume, ml 140 [120-160] 130 [120-150] 148 [120-170] 0.050
Acute device success 160 (96) 49 (100) 111 (94) 0.11

† Difference in stent frame height extending below the annulus plane at both margins of the aortic annulus.



Propensity Score Matched Comparison of SAPIEN 3 and SAPIEN XT  |  75

Table 3. Pre-discharge echocardiography and in-hospital clinical outcome.

 Overall 
(n=167)

SAPIEN 3 
(n=49)

SAPIEN XT 
(n=118)

Weighted matched 
SAPIEN XT cohort 
data (n=66) 

p*

Echocardiography data (n=166) (n=49) (n=117) (n=44)
Peak aortic gradient, mmHg 17.0±6.1 17.9±6.2 16.6±6.1 16.9±6.7 0.20
Mean aortic gradient, mmHg 8.9±3.1 9.2±3.3 8.8±3.1 9.6±3.3 0.53
Effective orifice area, cm2 1.64±0.30 1.64±0.30 1.64±0.29 1.66±0.30 0.96
Aortic regurgitation
     ≥Mild 61 (53) 7 (14) 54 (47) 24 (55) <0.001
     Moderate 9 (6) 0 9 (8) 3 (7) 0.059
Number of regurgitant jets 0.58
     1 33/61 (54) 3/7 (43) 30/54 (56) 12/24 (60)
     2 23/61 (38) 3/7 (43) 20/54 (37) 7/24 (35)
     3 5/61 (8) 1/7 (14) 4/54 (7) 1/24 (5)
Type of aortic regurgitation 1.00
     Paravalvular 59/61 (97) 7/7 (100) 52/54 (96) 23 (95)
     Central 0 0 0 0
     Mixed 2/61 (3) 0 2/54 (4) 1/24 (5)
Moderate or severe mitral regurgitation 22 (13) 6 (12) 16 (14) 6 (14) 0.80
In-hospital clinical outcome
All-cause mortality 5 (3) 2 (4) 3 (3) 2 (5) 0.63
Stroke or TIA 3 (2) 1 (2) 2 (2) 0 1.00
     Disabling stroke 1 (1) 0 1 (1) 1 (2) 1.00
     Non-disabling stroke 1 (1) 0 1 (1) 1 (2) 1.00
     TIA 1 (1) 1 (2) 0 0 0.29
Myocardial infarction 1 (1) 1 (2) 0 0 0.29
Bleeding
     Life-threatening 10 (6) 1 (2) 9 (8) 6 (13) 0.28
     Major 10 (6) 1 (2) 9 (8) 4 (9) 0.28
     Transfemoral TAVI access site related 5/133 (4) 0/37 (0) 6/96 (6) 3/35 (9) 0.32
Vascular complication
     Major 18 (11) 2 (4) 16 (14) 8 (18) 0.072
     Transfemoral TAVI access site related 5/133 (4) 1/37 (3) 7/96 (7) 3/35 (9) 0.32
Blood transfusions ≥1 18 (11) 3 (6) 15 (13) 7 (16) 0.21
Acute kidney injury
    Any 15 (9) 3 (6) 12 (10) 3 (7) 0.56
    Stage 2 or 3 5 (3) 2 (4) 3 (3) 0 0.63
Permanent pacemaker implantation† 13/152 (9) 5/44 (11) 8/108 (7) 4 (9) 0.52
Any device failure requiring reintervention 1 (1) 0 1 (1) 1 (2) xxx
30-day all-cause mortality 6 (4) 2 (4) 4 (3) 3 (7) 1.00

* For the comparison between the SAPIEN 3 and unmatched SAPIEN XT groups. 
† As a percentage of patients without prior pacemaker implantation.
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Table 4. Per valve univariable analysis of factors associated with ≥ mild AR on pre-discharge TTE.

SAPIEN 3 SAPIEN XT
No AR (n=37) ≥Mild AR (n=7) p No AR (n=35) ≥Mild AR (n=30) p

LVEF, % 49.4 11.3 55.7 11.6 0.29 49.7±13.5 49.6±12.9 0.93
Mean gradient, mmHg 37.3±13.5 44.5±17.8 0.43 38.1±12.5 43.9±17.4 0.19
Indexed AVA, cm2/m2 0.41±0.11 0.41±0.11 0.85 0.37±0.10 0.39±0.10 0.45
Baseline significant AR 3 (8) 2 (29) 0.18 6 (17) 3 (10) 0.49
Eccentricity index 0.21 [0.14-0.23] 0.21 [0.19-0.22] 0.74 0.22 [0.19-0.21] 0.20 [0.17-0.24] 0.40
Area oversizing, % 11.8±10.4 2.9±6.9 0.030 22.1±10.3 16.8±12.6 0.056
Mean diameter oversizing, % 5.7±5.5 1.5±4.3 0.050 10.3±5.0 7.0±6.3 0.005
Percentage of stent frame 
extending below annulus, %

19.8±11.1 21.4±16.5 0.84 28.2±8.5 33.4±13.2 0.052

Implantation depth, mm 4.0±2.1 4.1±3.0 0.85 5.7±1.8 6.7±2.7 0.10
Skewness of prosthesis 
placement, %

3.2 ±2.9 5.3±4.6 0.36 4.7±3.5 6.0±4.2 0.19
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ABSTRACT
Objectives 
Aim of this study is to investigate the clinical benefit of adjunctive intracardiac echocardiography 
(ICE) during fluoroscopy-guided transfemoral transcatheter aortic valve implantation (TF-AVI) 
under local anesthesia and conscious sedation (LACS).

Background
Improvements in procedural outcomes have set the stage for simplified TF-AVI with fluoroscopic 
guidance only, discarding routine transesophageal echocardiography. Fluoroscopy alone may not 
provide sufficient diagnostic information in case of unexpected events, however.

Methods 
All TF-AVI cases with use of adjunctive ICE were identified through interrogation of our institutional 
database. Procedural reports, angiographic and ICE images were analyzed to retrospectively assess 
the benefit of ICE during TF-AVI. Outcomes were documented according to the Valve Academic 
Research Consortium 2 criteria.

Results 
Between October 2011 and May 2014, 180 patients (mean age 80.3±7.8 years, 56.7% female, Logistic 
EuroSCORE-I 17.5±9.1%) were treated with ICE assisted TF-AVI under LACS (59.4% Edwards 
SAPIEN XT and 40.6% Medtronic CoreValve). Adjunctive ICE provided significant added benefit 
during 41 (22.8%) TAVI procedures, mainly in decision making regarding post-implantation aortic 
regurgitation (AR) (n=28) and early detection or exclusion of pericardial effusion (n=8). Discharge 
echocardiography showed moderate AR in 11 (6.3%) patients and no cases of severe AR. The device 
success and composite safety endpoints were reached in 155 (86.1%) and 27 patients (15.0%), 
respectively. No ICE related vascular or bleeding complications were observed. Thirty-day mortality 
was 3.9%.

Conclusions 
Safety monitoring and evaluation of the implantation result are feasible with ICE during TF-AVI 
under LACS. Adjunctive ICE provided benefit in approximately one in four TF-AVI procedures by 
facilitating procedural workflow and rapid decision making in adverse scenarios.
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INTRODUCTION
Transcatheter aortic valve implantation (TAVI) is an increasingly used treatment option for severe 
aortic stenosis (AS), delivering outcomes at least similar to surgical aortic valve replacement (SAVR) 
in high-risk patients who are still surgical candidates.1, 2 With studies in intermediate risk patients, 
degenerated surgical valves and pure aortic regurgitation ongoing, TAVI is clearly getting a more and 
more widespread application. Major improvements in outcomes, achieved by increased operator 
experience, improved valve sizing, and developments in procedural material, have been crucial to 
the extension of TAVI indications.

The decline in complication rates has led to another consequence in transfemoral TAVI (TF-AVI): 
the adaptation of a simplified approach, avoiding general anesthesia (GA) and discarding routine use 
of additional imaging tools besides fluoroscopy.3-5 Combined local anesthesia and conscious sedation 
(LACS), regarded to provide benefit over GA,6-8 has become the preferred anesthetic method for TF-AVI 
in many European centers.9, 10 Intraprocedural transesophageal echocardiography (TEE) no longer is 
a default strategy because of its cumbersome combination with LACS, only being used in 10 to 17% of 
TF-AVI procedures under LACS.9-11 Fluoroscopy alone, however, may not provide sufficient diagnostics 
in case of unaccounted events.12 Transthoracic echocardiography (TTE), common substitute for TEE, 
may be associated with loss of valuable time in case of emergencies and provides suboptimal images 
for evaluation of prosthesis function. Economizing the intraprocedural imaging routine may therefore 
lead to an unintended increase in procedural risk.

Intracardiac echocardiography (ICE) is an appealing alternative to TEE during TF-AVI under LACS. 
Whereas TEE is not well tolerated in conscious patients, interferes with fluoroscopy and requires 
certified echocardiographic personnel, ICE can be performed single-handedly by the TAVI operator 
through transvenous access and is compatible with simultaneous fluoroscopic imaging. Therefore, ICE 
has the option of continuous monitoring, providing immediate diagnostics in case of adverse events 
that allow early measures to be taken to avert harmful sequelae. Moreover, with the aortic annulus in 
close range, ICE enables meticulous assessment of prosthesis geometry and function after deployment. 
Aim of this study was to evaluate the feasibility and added value of adjunctive ICE during fluoroscopy-
guided TF-AVI under LACS and to report the outcomes of this procedural strategy.

METHODS
Study design and patient selection
This is a retrospective single-center study. All patients who underwent ICE supported TF-AVI under 
LACS at the University Medical Center Utrecht were included. Eligibility for TAVI was discussed 
in the Heart Team and required consensus of at least one interventional cardiologist and one 
cardiac surgeon. Motivations to refuse SAVR were high operative risk (Logistic EuroSCORE≥15%) 
or the presence of contra-indications to cardiac surgery (e.g. porcelain aorta, frailty, patent grafts 
in proximity of the sternum). All relevant clinical and imaging data were retrospectively collected 
and registered in a database. Follow-up was obtained using documentation of standard of care 
outpatient visits and interrogation of the Dutch municipal personal records database.
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Implantation procedure
All patients underwent TF-AVI using standard access techniques. Conscious sedation was established 
by intravenous infusion of the sedative propofol and the analgesic remifentanil. Sedation depth was 
assessed according to the Ramsay Sedation Scale and maintained between 3-5. Local anesthesia 
of the access sites was performed by lidocaine infiltration. Patient monitoring consisted of ECG, 
pulsoximetry, expiratory CO2 measurement to assess respiratory rate and continuous blood pressure 
measurement in the radial artery. Prosthesis sizing was based on annulus dimensions derived from 
multi-slice computed tomographic (MSCT) imaging. 

Patients received a balloon-expandable SAPIEN XT (ES; Edwards Lifesciences, Irvine, CA, USA) 
or self-expanding Medtronic CoreValve (MCV; Medtronic Inc., Minneapolis, MN, USA) prosthesis. The 
same operators (PA and PS) were involved in all procedures. Predilatation of the aortic annulus was 
routinely performed under rapid ventricular pacing (180 bpm). The ES was implanted using a two-step 
inflation technique, previously described in detail.13 MCV implantation was conducted according to 
standard procedures, under stabilizing slow ventricular pacing (120-140 bpm). After valve implantation, 
prosthesis position and function, and coronary patency were evaluated by angiography. ICE was used 
as a supportive imaging tool throughout all procedures to monitor for complications and to assess the 
implantation result, as outlined below. Per center routine, ICE was predominantly used in transfemoral 
procedures, as TEE is the preferred imaging modality for the surgical approaches under GA. In the 
presence of any prosthetic regurgitation considered to be clinically relevant, post-dilatation, second 
valve implantation and/or snare catheter repositioning was performed on discretion of the operator.

Intracardiac echocardiography: equipment, technique and imaging routine
Intracardiac echocardiographic images were acquired with the ACUSON X300TM Ultrasound System 
and AcuNavTM catheter (both Siemens Medical Solutions, Erlangen, Germany). The tip of the imaging 
catheter contains a 64-element phased-array transducer scanning in the longitudinal plane. Two-
dimensional (90º sector) imaging is provided with color flow, pulsed- and continuous wave Doppler 
functionality. The catheter tip allows four-way steering to 160º for precise positioning. All ICE images 
were acquired at an imaging frequency of 6.7 to 8.9 MHz and a frame rate of 50 fps. The ICE catheter 
was introduced through a 10-F sheath into the femoral vein, most commonly the vein opposite to the 
TAVI-access site, and advanced towards the right atrium under ICE or fluoroscopic guidance. After 
reaching the right atrium, several imaging views were selected by adjusting the catheter tip position 
and orientation. During our procedures we exploit 3 different intracardiac imaging views per protocol: 
1) a transatrial longitudinal view of the aortic valve, 2) a longitudinal view of the left ventricle from the 
right ventricle, both used at baseline, and 3) a cross sectional view of the aortic valve from the right 
ventricular outflow tract (RVOT). Since standardized imaging views for ICE are lacking, we try to refer 
to the exploited views in the most sensible way using the orientation of intersection (cross-sectional 
versus longitudinal) and the cardiac structure the images are obtained from.

The transatrial longitudinal view is obtained from the mid-right atrium. After positioning of the 
ICE catheter in the mid-right atrium in neutral position, the transducer palette is rotated slightly 
anteriorly and leftward to provide a tricuspid valve inlet view (also known as the ‘home view’, Figure 
1A). Additional clockwise rotation of the catheter provides a longitudinal view of the left ventricular 
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outflow tract (LVOT), aortic valve and ascending aorta (Figure 1B). This view is used to perform 
hinge-to-hinge measurements of the aortic annulus,14 to check the aortic root for abnormalities (i.e. 
aortic dissection) and to facilitate crossing of the stenotic valve with the guidewire. Other authors 
described it also as a potentially helpful view during balloon predilatation, and positioning and 
deployment of the valve prosthesis,15 although we do this exclusively under angiographic guidance. 

A longitudinal view of the left ventricle is acquired from within the right ventricle. With the 
imaging palette facing in posterior direction, the catheter, located in the right atrium, is angulated 

Figure 1. Intracardiac echocardiographic views during TAVI. Tricuspid valve inlet view (A) with a temporary pacemaker 
lead in the right ventricular apex (arrowheads). Longitudinal view from the right atrium (B) providing an image of the 
aortic root and LVOT. Longitudinal view of the left ventricle from the right ventricle (C) with clearly visible subvalvular 
mitral valve apparatus (arrowheads). Cross-sectional view of the aortic root from the RVOT (D) with a valve prosthesis 
in situ. Ao= Ascending aorta, LV= Left Ventricle, LVOT= Left Ventricular Outflow Tract, PT= Pulmonary Trunk, RA= 
Right Atrium, RV= Right Ventricle, RVOT= Right Ventricular Outflow Tract.
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anteriorly and leftward, and by clockwise rotation positioned in close proximity of the tricuspid 
valve. Next, the ICE probe is advanced through the tricuspid valve into the right ventricle. After 
introduction in the right ventricle, a longitudinal LV image can be obtained by further clockwise 
rotation of the ICE catheter (Figure 1C). In this view the LV function can be monitored in real time 
during the whole procedure. Furthermore, it allows unfavorable guidewire interference with the 
mitral valve apparatus (chordae tendineae) and sudden onset of pericardial effusion (PE) to be 
detected in an early stage.

The cross sectional view of the aortic valve from the RVOT is also obtained from the right 
ventricle, bringing the ICE catheter in the RVOT, by further rotating clockwise and gently pulling 
back the catheter itself. Correct placement of the catheter yields a short axis image of the aortic 
valve (Figure 1D). This short axis view of the aortic valve is used to assess the proper circumferential 
expansion of the prosthesis and the presence and severity of aortic regurgitation (AR) by means of 
color flow Doppler. If any AR is observed, this particular ICE view may provide valuable information 
on its origin (paravalvular versus valvular) and mechanism.

The same ICE imaging routine was used during all TAVI procedures throughout this study. The 
first view used was the transatrial longitudinal view of the aortic root and LVOT. After achieving the 
desired view, the aortic root was scanned by subtle rotation of the ICE catheter to obtain the appropriate 
imaging plane for hinge-hinge measurements (perpendicular to the long-axis of the aortic root). 
The imaging catheter could be locked in this position to aid valve crossing with the guidewire when 
needed. Hereafter, the longitudinal view of the LV from the RV was obtained and remained on screen 
throughout the entire implantation procedure, as it functions as our ‘safety view’ for timely detection 
of acute changes in LV function or onset of PE. Expedient additional imaging of pertinent structures 
could be performed on the suspicion of complications. After valve implantation, the short- axis view of 
the aortic root from the RVOT and the transatrial longitudinal view were used to assess valve position, 
expansion and function. Evaluation of AR was performed by color Doppler visualization of the vena 
contracta in short-axis view, taking into account the circumferential extent and total area. Special care 
was taken to select the appropriate level for AR visualization in the cross-sectional plane, as too low 
imaging leads to overestimation of AR severity due to dispersal of the jet, while too high imaging may 
visualize diastolic coronary flow. During all TAVI procedures the ICE catheter was handled by the same 
operator performing the TAVI procedure as well. All ICE images relevant to the procedure were saved 
and stored on an institutional database server for off-line review.

Study end points and definitions
Main endpoint of this study was the added value of ICE imaging during TAVI as binary outcome 
variable (1= added value and 0= no added value). The added value of ICE was evaluated for each 
individual TAVI procedure by appreciation of the significance of ICE findings in a theoretical 
comparison with the same procedure performed in a fluoroscopy-guidance only situation. All 
operative reports and intraprocedural imaging data were reviewed by an experienced interventional 
cardiologist (PA). Added value was deemed present only in the cases where ICE findings: 1) 
provided diagnostic information not readily available by angiography, 2) impacted further patient 
management, or 3) facilitated procedural progress.
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Table 1. Baseline characteristics and echocardiographic findings.

(N=180)
Age, years 80.3±7.8
Female sex 102 (56.7)
Body mass index, kg/m2 26.6±5.3
Body surface area, m2 1.84±0.20
Hypertension 102 (56.7)
Diabetes mellitus 56 (31.1)
Insulin dependent diabetes mellitus 26 (14.4)
Chronic obstructive pulmonary disease 46 (25.6)
Pulmonary hypertension 12 (6.7)
Glomerular filtration rate, ml/min 56.5±20.7
Severe chronic kidney disease 11 (6.1)
Dialysis 0
Cerebrovascular disease 40 (22.2)
Peripheral artery disease 26 (14.4)
Coronary artery disease 102 (56.7)
Myocardial infarction 35 (19.4)
Previous PCI 69 (38.3)
Previous CABG 33 (18.3)
Previous mitral valve surgery 8 (4.4)
Previous balloon aortic valvuloplasty 4 (2.2)
Permanent pacemaker implantation 14 (7.8)
Atrial fibrillation or atrial flutter 67 (37.2)
NYHA Class III/IV 103 (57.2)
Logistic EuroSCORE, % 17.5±9.1
STS score, % 5.8±3.4
Frail condition 46 (25.6)
Porcelain aorta 20 (11.1)
Active malignancy 6 (3.3)
Echocardiographic findings
Left ventricular ejection fraction, % 49.9±13.5
Left ventricular ejection fraction ≤ 40% 46 (25.8)
Aortic valve area, cm2 0.69±0.18
Indexed aortic valve area, cm2/m2 0.37±0.10
Peak aortic valve pressure gradient, mmHg 65.5±22.6
Mean aortic valve pressure gradient, mmHg 38.9±15.4
Aortic valve regurgitation ≥ grade 2 34 (18.3)
Mitral valve regurgitation ≥ grade 2 41 (22.8)
Systolic pulmonary artery pressure, mmHg 38.6±11.6
Valve sizing data ES (n=107) MCV (n=73)
TEE annular diameter, mm* 22.3±1.9 24.0±2.4
TEE diameter oversizing, %* 16.4±9.9 23.7±10.1
MSCT annulus mean diameter, mm† 23.6±1.9 25.7±2.3
MSCT mean diameter oversizing, %† 8.8±5.5 14.1±4.8
MSCT annulus area, mm2† 436±72 521±93
MSCT area oversizing, %† 18.9±9.3 31.0±10.7

CABG=Coronary Artery Bypass Grafting; MSCT; Multi-slice Computed Tomography; NYHA=New York Heart 
Association; PCI=Percutaneous Coronary Intervention; STS=Society of Thoracic Surgeons; TEE=Transesophageal 
echocardiography. * Available for 110 cases. † Available for 156 cases.
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Secondary endpoints were 30-day mortality, device success and early safety as defined by the 
updated Valve Academic Research Consortium (VARC-2) criteria.16 All clinical outcomes were 
adjudicated in compliance with VARC-2 by a physician not involved in the procedure. Device 
success was defined as the correct implantation of the first valve prosthesis used, with intended 
performance of the valve (peak aortic flow velocity <3m/s and no moderate or severe AR) and no 
procedural mortality. Early safety (at 30 days) was defined as a composite endpoint of all-cause 
mortality, stroke, life-threatening bleeding, Acute Kidney Injury (AKI) stage 2 or 3, coronary artery 
obstruction requiring intervention, major vascular complication and valve related dysfunction 
necessitating any repeat procedure.

Statistical analysis
Data were analyzed using IBM SPSS Statistics version 20 (IBM Corp., Armonk, NY). Results for 
continuous variables were presented as means ± standard deviation or medians [interquartile 
range], as considered appropriate. Categorical variables were reported as counts and percentages. 
Comparison of repeated measures for continuous variables was performed using a paired t-test. A 
2-tailed p-value <0.05 was considered statistically significant.

RESULTS
Patients
Between the introduction of ICE support in October 2011 and May 2014, 209 patients received TAVI 
for severe AS, of whom 180 patients (86.1%) were treated with ICE assisted TF-AVI under LACS, 
constituting the study group. Of the 29 excluded patients, 27 (12.9%) underwent surgical TAVI 
(transapical/transaortic) and 2 (<1%) were treated with TF-AVI under GA in the early ICE experience. 
Baseline characteristics and preprocedural echocardiographic findings are presented in Table 1. 
The mean age of the patients was 80.3±7.8 years, 56.7% was female, and Logistic EuroSCORE-I was 
17.5±9.1%.

Procedural results
An overview of procedural features is provided in Table 2. Conversion to GA was performed in 6 
procedures, because of patient discomfort (n=2), surgical intervention for tamponade (n=2), apnea 
(n=1) and cardiac resuscitation (n=1). Post-dilatation to address paravalvular AR was performed in 
38 cases (21.1%), with a higher rate for the MCV (39.2%) as compared to the ES (8.5%). Second valves 
were implanted in 7 patients (3.9%), predominantly during MCV procedures (n=6), either TAV-in-TAV 
(n=6) or TAV-on-TAV (n=1), because of valve embolization (n=3), too low valve placement with severe 
supra-skirt AR (n=3) or valve dysfunction due to a frozen leaflet (n=1). Final angiography showed Grade 
II AR in 18 cases (10.0%), no cases of Grade ≥III AR were observed. Six patients (3.3%) developed cardiac 
tamponade during TAVI: 4 were treated with pericardiocentesis, while 2 required emergency surgery 
(one RV tear caused by the pacemaker wire, one stiff-wire related perforation of the LV lateral wall). 
One intraprocedural death occurred: a 87-year old woman, already in severely impaired condition 
before the start of the procedure due to decompensated AS with coexisting severe mitral regurgitation, 
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died from the sequelae of recurrent ventricular 
fibrillation caused by right coronary artery 
occlusion after MCV implantation.

Added value of supportive intracardiac 
echocardiography
ICE provided added value during 41 (22.8%) 
procedures, further specified in Table 3. The 
most prevalent benefit pertained to optimizing 
decision making on post-implantation AR 
(n=28, 15.6%). Routinely ICE assessment of 
prosthesis function revealed significant AR 
not readily identified on angiography in 19 
cases (10.6%) (Figure 2A-D), subsequently 
treated with post-dilatation (n=17) or second 
valve implantation (n=2). In 9 cases of 
significant AR (5.0%), ICE evaluation provided 
valuable insight in the underlying mechanism 
of regurgitation, allowing the appropriate 
measures to be taken (Figure 3A-D and 4A-D). 
Prompt detection or exclusion of pericardial 
effusion by ICE (Figure 5A-C) was beneficial in 8 
cases (4.4%). Pericardial effusion was observed 
on ICE before becoming clinically manifest in 
6 cases, enabling timely pericardiocentesis. 
In 2 cases of hemodynamic deterioration, 
rapid exclusion of pericardial effusion saved 
valuable time for further diagnostics to 
demonstrate severe allergic reaction and 
inferior wall myocardial infarction. Aortic root 
abnormalities were detected on ICE in 3 cases 
(1.7%), including two aortic dissections (Figure 
6A-C) and a hanging mass in the ascending 
aorta compatible with thrombus (Figure 
7A-C). Management of these abnormalities 

was based on ICE findings. Both aortic dissections were treated conservatively as ICE showed 
containment and false lumen clotting. In case of the hanging mass, the prosthesis was placed lower 
to avoid manipulation of the mass. In 2 procedures (1.1%, both bicuspid aortic valves) ICE facilitated 
valve crossing with the guidewire.

Table 2. Procedural features.

(N=180)
Conversion to general anesthesia 6 (3.3)
Use of cardiopulmonary bypass 0
Use of inotropes 5 (2.8)
Medtronic CoreValve 73 (40.6)
Edwards SAPIEN XT 107 (59.4)
Valve size
     23 mm 30 (16.7)
     26 mm 74 (41.1)
     29 mm 45 (25.0)
     31 mm 31 (17.2)
Predilatation 178 (98.9)
Postdilatation 38 (21.1)
Snare catheter repositioning 3 (1.7)
Second valve implantation 7 (3.9)
Fluoroscopy time, min 17.3 [14.0-21.8]
Contrast use, ml 164±55
Procedural time, min* 122 [108-142]
Interventional time, min† 85 [74-104]
Final angiographic AR 
     Grade 0 99 (53.3)
     Grade I 63 (35.6)
     Grade II 18 (10.0)
     Grade ≥III 0 (0.0)
Cardiac tamponade 4 (2.2)
Coronary artery obstruction 2 (1.1)
Valve malpositioning‡ 5 (2.8)
Annulus rupture 0
Conversion to surgery 1 (0.6)
Intraprocedural mortality 1 (0.6)
Acute procedural success§ 153 (85.0)

AR=Aortic regurgitation; * Time between induction and 
termination of propofol sedation or general anesthesia.  
† Time between establishment of arterial access and 
initiation of access site closure. ‡ Either valve embolization, 
ectopic deployment, valve migration or too low placement. 
§ Acute procedural success is defined as successful 
vascular access, delivery and deployment of the device, 
and uneventful retrieval of the delivery system, resulting 
in a single valve in the proper anatomical location with 
intended performance (no valve gradient >3 m/s and no 
moderate or severe AR).
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Figure 2. ICE revealing significant AR severity. Supra-aortic angiography (A) after Medtronic CoreValve implantation 
demonstrating low valve position with mild paravalvular AR (white arrowheads). Color flow Doppler on ICE in the 
cross-sectional view of the prosthesis (B) shows 3 regurgitant jets with a combined circumferential extent (>30%) that 
corresponds with severe AR. Localization of the regurgitant jets is compatible with supra-skirt AR resulting from too 
low valve placement. Second valve implantation was performed with satisfactory angiographic (C) and ICE result (D).
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Figure 3. Elucidating the mechanism of AR with ICE. Angiographic result of Edwards SAPIEN XT implantation (A) 
demonstrating mild-to-moderate AR (arrowhead). On ICE, color flow Doppler in the cross-sectional view (B) shows 
2 considerable AR jets: one paravalvular and one centrally located. Furthermore, an oval shaped prosthetic stent was 
noted indicating non-uniform expansion of the valve. Non-uniform expansion was successfully addressed by postdila-
tation, resulting in no residual AR on angiography (C) and only trace paravalvular AR on ICE with a more evenly shaped 
prosthetic stent (D).
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Figure 4. Elucidating the mechanism of AR with ICE. Angiography and ICE images with proper position of the Edwards 
SAPIEN XT just after implantation (A and B), however with massive AR (C). ICE with color flow Doppler reveals that 
one of the valve leaflets is missing (D), probably permanently immobilized during the valve crimping process.
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Figure 5. Detection of pericardial effusion. Longitudinal view of the left ventricle from the right ventricle showing the 
baseline situation on ICE (A) and the accumulation of fluid (arrowhead) in the pericardium during the procedure (B). 
Short-axis view of the left ventricle from the right ventricle (C) demonstrating the catheter (blocked arrow) that was 
introduced to drain the pericardial effusion (arrowhead).

Figure 6. Detection of a small type A aortic dissection. After valve implantation, supra-aortic angiography demonstrated 
correct positioning of the valve with no aortic regurgitation (A). On ICE a double lumen contour was observed in the 
ascending aorta, indicating aortic dissection (B). After 5 minutes of observation, the dissection remained stable and 
showed signs of thrombosis on ICE, legitimizing conservative management (C).

Figure 7. Accidental finding of a hanging mass in the ascending aorta. Although supra-aortic angiography was 
unremarkable (A), a pedunculated mass (arrowheads) was clearly visible in the ascending aorta on ICE imaging (B and 
C), compatible with thrombus. After careful consideration taking into account the risk of embolization, the decision 
was made to proceed with TAVI as the patient was severely symptomatic. An Edwards SAPIEN XT was successfully 
implanted a little lower, avoiding manipulation of the mass.
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Clinical outcome
Clinical outcome is presented in Table 4. No ICE related vascular or bleeding complications were 
observed. Four in-hospital deaths occurred (2.2%), including the intraprocedural death described 
previously. Causes of death were massive retroperitoneal bleeding with lumbar artery rupture (day 2), 
delayed valve embolization (day 4), and recurrent apnea of unknown origin (day 4). Pre-discharge TTE 
(available in 177 patients) demonstrated moderate AR in 11 patients (6.2%) and no cases of severe AR.

All-cause mortality increased to 3.9% at 30-days: one patient died of the sequelae of a intraprocedural 
stroke (day 9), one patient developed multi-organ failure due to poor LV function in the setting of 
contrast nephropathy of a transplanted kidney (day 27), and one patient died suddenly with unknown 
cause (day 18). Device success was achieved in 155 patients (86.1%). Failure to fulfil the device success 
criteria was due to 7 (3.9%) cases of 30-day mortality, 7 (3.9%) second valve implantations, 10 (5.6%) 
cases of more than mild AR and 1 (0.9%) cases of mild residual aortic stenosis. Early safety was reached 
in 15.0% of patients.

DISCUSSION
This study investigates the added value of adjunctive ICE in fluoroscopy-guided transfemoral TAVI 
under LACS and reports the outcomes achieved with this strategy. Adjunctive ICE was decisive for 
intraprocedural patient management in approximately one quarter (22.8%) of procedures. The value 
of ICE lay mainly in the decision making regarding post-implantation AR and rapid detection of 
pericardial effusion. The outcomes achieved in this ICE supported TAVI cohort were excellent with low 
mortality and low rates of AR, which may be partially attributable to ICE driven AR management and 
safety monitoring.

Adjunctive ICE has been adopted in our center as substitute for TEE during TF-AVI when default 
GA was abandoned. Fully percutaneous technique and patient tolerance for rapid ventricular pacing, 
have made LACS an attractive alternative to GA in TF-AVI. Avoiding GA entails many benefits, 
including evasion of mechanical ventilation related complications, more stable hemodynamics, 
neurological monitoring, shorter procedure time, earlier patient mobilization, shorter in-hospital stay, 
and a reduction in costs.4-8 However, the advantages gained with LACS may be offset by renouncement 
of proper imaging support, and no differences in 30-day mortality have been shown between anesthetic 
strategies so far.10, 11, 17

Although feasible, operators commonly omit TEE in TF-AVI under LACS,10, 11 relying on fluoroscopy 
and (provisional) TTE instead, a routine referred to as the “minimalistic approach”.3-5, 9 While 
fluoroscopy is excellent for guiding valve positioning and deployment, it may be insufficient as stand-
alone modality for the assessment of AR and complications. TTE comes with impracticalities that raise 
the threshold for its use in the cath lab, as it requires a certified sonographer, chest wall exposure, 
proper access to the patient, and disables fluoroscopy during image acquisition. Moreover, prosthetic 
function evaluation can be difficult with TTE due to poor imaging windows and shielding artefacts 18. 
These limitations may lead to an inaccurate impression of valve function and delayed complication 
recognition, potentially culminating in worse outcomes. These concerns are supported by recent 
Brazilian registry data,19 reporting a significant protective effect of TEE guidance against overall and 
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Table 4. VARC-2 clinical and echocardiographic outcome.

(N=180)
In-hospital outcome
In hospital mortality 4 (2.2)
Immediate procedural death (≤ 72 hours) 2 (1.1)
Hospital stay, days 5.0 [4.0-6.0]
Discharge destination home 141 (78.3)
Predischarge echocardiography (N=177)
Peak aortic valve pressure gradient, mmHg 15.9±6.4
Mean aortic valve pressure gradient, mmHg 8.5±3.5
Aortic effective orifice area, cm2 1.69±0.36
Indexed aortic effective orifice area, cm2/m2 0.92±0.21
AR severity
     None or trace 84/177 (47.5)
     Mild 82/177 (46.3)
     Moderate 11/177 (6.2)
     Severe 0/177 (0.0)
AR type (only for ≥ mild AR, n=93)
     Paravalvular 84/93 (90.5)
     Central 2/93 (2.2)
     Mixed 7/93 (7.5)
Cumulative 30-day outcome
All-cause mortality 7 (3.9)
Cardiovascular death 7 (3.9)
Cerebral complications 4 (2.2)
     Disabling stroke 2 (1.1)
     Non-disabling stroke 2 (1.1)
     Transient ischemic attack 0
Myocardial infarction 3 (1.7)
Major vascular complication 16 (8.9)
ICE access related major vascular complication 0
Life-threatening bleeding 10 (5.6)
Major bleeding 7 (3.9)
ICE access related major or life-threatening bleeding 0
Any blood transfusion 19 (10.6)
Acute kidney injury 19 (10.6)
     Stage II 4 (2.2)
     Stage III 1 (0.6)
New pacemaker implantation* 20/166 (12.0)
Rehospitalization for heart failure 2 (1.1)
Repeat valve intervention 0
Early safety endpoint 27 (15.0)
Device success 155 (86.1)

*As a percentage of patients without prior pacemaker implantation.

Table 3. Clinical advantage of ICE during TAVI.

(N=41)

Optimizing decision making on post-implantation AR 28 (68.3)
     Revealing significant AR severity 19 (46.3)
     Elucidation of the mechanism of AR 9 (22.0)
Detection or exclusion of pericardial effusion 8 (19.5)
Guiding management of aortic root abnormalities 3 (7.3)
Facilitating valve crossing with the wire 2 (4.9)

AR=Aortic Regurgitation.
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late mortality, and a FRANCE2 subanalysis demonstrating a higher rate of AR in TF-AVI without TEE.10

ICE is a versatile imaging modality, allowing virtually any cardiac structure to be visualized.20 
Despite the well-established use in closure of atrial septum defects and complex ablation procedures, 
its application in TAVI is confined to few centers.21 Operators are often discouraged to master ICE 
because of the considerable learning curve (required to gain navigation proficiency and obtain useful 
images), the handling of an additional catheter, and the supplementary costs of the single-use ICE 
catheters. Nevertheless, ICE has been demonstrated to provide imaging equal to TEE and reliability 
as a primary imaging tool in balloon-expandable TF-AVI.22, 23 The present study showed the feasibility 
of real-time safety monitoring and implantation result assessment with ICE during TF-AVI under 
LACS. The introduction of a new three-dimensional ICE catheter may further enhance the utility of 
ICE in TAVI.22

Assessment of (para)valvular leakage
ICE findings impacted the management of AR in 16% of cases, mainly by revealing significant AR not 
readily evident on angiography. Assessment of post-implantation AR is vital in TAVI, since ample 
evidence exists on the detrimental effects of even mild regurgitation on survival.24 Quantification of AR 
is challenging because of predominant paravalvular leakage, comprising multiple, eccentric and wall-
hugging jets. Angiographic evaluation (Sellers classification) is prone to subjectivity, exhibiting overlap 
in invasively measured regurgitation volumes between the grades.25, 26 Its reliability also depends on 
pigtail position, gantry angles, contrast volume and heart rate regularity. Additional hemodynamic 
measurements (i.e. the aortic regurgitation index) may be helpful to exclude significant AR. However, 
false-positive results are common, mostly related to reduced ventricular and aortic compliance leading 
to low end-diastolic transvalvular gradients. Moreover, hemodynamic parameters do not provide any 
information on the mechanism of AR.27 Sensitivity for detecting significant AR may be enhanced with 
ICE, which additionally provides information on prosthesis position, shape and leaflet motion. With 
respect to the new unifying grading scheme for post-TAVI AR, ICE based assessment is limited to the 4 
parameters regarded most frequently applicable: valve stent shape, jet features, jet width at its origin, 
and the circumferential extent of paravalvular jets.28 Elucidation of the AR mechanism appeared an 
important benefit of ICE, as angiography was not always conclusive. Non-uniform expansion leading 
to paravalvular or central AR, ideal target for postdilatation, or too low valve placement with supra-
skirt AR requiring second valve implantation or snaring maneuvers, could be easily distinguished. In 
selected patients postdilatation was waived due to ICE findings, because extensive annular and LVOT 
calcifications at risk for annular rupture were observed.29

Monitoring for intraprocedural complications
Major advantage of adjunctive ICE is the monitoring of cardiac structures involved in TF-AVI in 

real time. This is accommodated by the miniaturized imaging probe not interfering with fluoroscopy 
by obscuring structures vital to the procedure, often the problem with TEE. The ‘safety view’ for 
monitoring provides information on LV volume status (important for preventing dynamic LVOT 
obstruction after TF-AVI in case of underfilling), new onset of pericardial effusion (ventricular free wall 
perforation, aortic dissection, or annular rupture) and occurrence of new wall-motion abnormalities 
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(in case of coronary obstruction). In our experience, continuous monitoring was valuable in the early 
detection of pericardial effusion (3.3% of cases), enlarging the window of opportunity for measures 
to be taken. Cardiac tamponade is not a negligible complication, with an incidence between 0.6% 
and 4.7% 30. It is the third cause of emergency surgery in TAVI and associated with high mortality,31 
especially when involving the high-pressure left-sided circulation.32 Although major complications 
may become increasingly rare in TAVI, early detection remains crucial to buy time for diagnostics 
and decision making, as patients may rapidly deteriorate and end up in a resuscitation setting.

Outcomes in ICE supported TAVI
The outcomes in the present cohort compare favorably to literature on minimalistic TAVI (Table 5). 
The incidence of 30-day all-cause mortality was low, as was the rate of disabling stroke. Although 
limited data on post-implantation AR have been reported in minimalistic TAVI series, the incidence 
of grade≥3 AR appears to be somewhat higher for this strategy. Compared to the reported rate of 
grade≥2 AR in large registries, 18.6% for FRANCE2 and 9.0% for Sentinel, the 6.3% rate in our series 
can be considered satisfactory.33, 34 However, these differences may not solely relate to adjunctive ICE, 
but may also involve developments in sizing strategy, procedural material and differences in grading. 

ICE during TAVI appears safe, as no adverse events (bleeding/infection) associated with 
transvenous access occurred. The non-traumatic, blunt, ICE probe is unlikely to cause any damage 
to the heart when steered into different positions. To the best of our knowledge, ICE catheter induced 
myocardial or venous perforations have never been reported. 

Table 5. Comparison with studies on minimalistic TAVI under LACS.

Yamamoto 
et al. 2013

Durand et 
al. 2012

Greif et al. 
2014

Babaliaros  
et al. 2013

This study 
2014

Number of patients 130 151 461 70 180
Logistic EuroSCORE, % 22.0±11.9 17.4±10.0 16.3±14.18 NR 17.5±9.1
STS score, % 11.2±7.8 NR NR 10.6±4.3 5.8±3.4
Medtronic CoreValve 116 (89.2) 0 302 (65.5) 0 73 (40.6)
Edwards SAPIEN (XT) 14 (10.8) 151 (100) 159 (34.5) 70 (100) 107 (59.4)
30-day all-cause mortality 10 (7.8) 10 (6.6) 23 (5.0) 0 7 (3.9)
Stroke
     Disabling 2 (1.5) 3 (2.0) 6 (1.3) 1 (1.4) 2 (1.1)
     Non-disabling 6 (4.6) 2 (1.3) 2 (0.4) 2 (2.9) 2 (1.1)
AR Grade ≥3 NR 4 (2.6) 15 (3.3) 2 (3.0) 0
Second valve 3 (2.3) 0 7 (1.5) 4 (6.0) 7 (3.9)
Procedural duration, min 78±31 137±47 131±41 93±32 122 [108-142]
Radiation time, min 19±11 24±18 17±11 28±10 18 [14-22]
Contrast volume, ml 184±97 185±96 171±101 126±64 164±55
Cardiac tamponade 2 (1.5) NR NR NR 4 (2.2)
Major vascular complications 10 (7.8) 12 (7.9) 20 (4.3) 1 (1.0) 16 (8.9)
Need for transfusion 19 (14.7) 42 (27.8) 57 (12.3) NR 19 (10.6)
Acute kidney injury (Stage 1-3) 19 (15.0)* 41 (27.2) NR NR 19 (10.6)
Early safety‡ 21 (15.5) 24 (15.9) 58 (12.6) NR 23 (12.8)

LACS= Local Anesthesia and Conscious Sedation; NR=Not reported; STS=Society of Thoracic Surgeons. * Refers to AKI 
stage 2 and higher. † Refers to in-hospital mortality. ‡ Defined according to VARC-1 (which does not include minor 
stroke and AKI stage 2).
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LIMITATIONS
The most important limitations of this study relate to its retrospective and single-arm design. 
Retrospective analysis provided opportunity for observer bias that may have led to overestimation 
of the value of ICE. Furthermore, the clinical benefit of ICE could not be thoroughly substantiated, 
as a matched control group that received TAVI with provisional TTE support was not available. 
Moreover, the assessment of AR severity by means of ICE has not been validated and was based on an 
adaptation of conventional echocardiography guidelines. Finally, the present results were achieved 
by skilled ICE operators and may not be reproducible in less experienced hands.

CONCLUSION
ICE demonstrated feasibility for echocardiographic support during fluoroscopy-guided TF-AVI 
under LACS. Adjunctive ICE seems of added value, providing valuable findings impacting patient 
management or facilitating workflow in approximately one in four procedures, especially in case 
of post-implantation AR and the onset of pericardial effusion. Moreover, clinical outcomes were 
favorable in this ICE supported TF-AVI cohort as compared to literature. A definitive answer 
regarding the necessity of adjunctive imaging during TF-AVI warrants direct randomized comparison 
of intraprocedural imaging routines. 
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ABSTRACT
Background 
Transcatheter aortic valve implantation (TAVI) has become a valid treatment alternative for patients 
with severe aortic stenosis (AS) and high surgical risk. Purpose of this study is to report our seven 
year TAVI experience with an emphasis on learning curve and trends in outcomes over time.

Methods 
In this retrospective, single-centre study, all patients who underwent TAVI for symptomatic severe 
AS were included. Trends in outcomes were evaluated by stratifying consecutive TAVI experience 
into tertiles (T1, T2 and T3) and performing trend analyses accordingly.

Results 
Between August 2008 and November 2014, 351 patients were treated with TAVI for severe AS (age 
80.3±7.3 years, 55% female, logistic EuroSCORE-I 16.3% [11.2-23.4]). Trend analysis showed no 
significant change in surgical risk (logistic EuroSCORE) across the tertiles (17.1% [11.7-24.4] vs. 
15.6% [11.2-23.4], p=0.607). Short-term outcome trends demonstrated a decline in moderate/
severe AR (14.8% vs. 4.3%, p=0.006), life-threatening bleeding (9.8% vs. 2.8%, p=0.030), acute kidney 
injury (AKI) (31.2% vs. 5.1%, p<0.001), early safety (23.2% vs. 12.8%, p=0.040) and 30-day all-cause 
mortality (13.7% vs. 4.3%, p=0.004). Propensity score adjusted analysis of separate tertiles indicated 
significantly lower moderate/severe AR (Odds Radio [OR] 0.28; 95% Confidence Interval [CI] 0.10-
0.79), AKI (OR 0.15; 95% CI 0.05-0.39), life-threatening bleeding (OR 0.19; 95% CI 0.05-0.80) and early 
safety (OR 0.45; 95% CI 0.20-0.99) in T3 versus T1. 

Conclusions 
Although reserved for high risk populations, excellent results have been achieved with TAVI for 
severe AS, which have demonstrated significant improvements over time.
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INTRODUCTION
More than a decade has passed since the first successful in-human transcatheter aortic valve 
implantation (TAVI) was performed by Alain Cribier and his team in Rouen in 2002.1 The 
introduction of TAVI meant a major breakthrough in the treatment of severe aortic valve stenosis 
(AS). Before minimal invasive techniques for valve implantation became available, surgical aortic 
valve replacement (SAVR) was the only treatment for severe AS and the last resort for many patients 
hoping for improvement of symptoms and survival.2 However, due to comorbidities, advanced 
age, depressed left ventricular function, or technical constraints, up to 30% of patients was denied 
surgery because of high operative risk.3 Without adequate treatment, symptomatic severe AS carries 
a poor prognosis, and many unoperated high risk patients have died prematurely.4

Since the advent of TAVI, more than 120 000 valves have been implanted worldwide, indicating 
that TAVI is well adopted as alternative to SAVR in high risk patients and as preferable treatment 
in patients with prohibitive surgical risk.5, 6 In the early days, TAVI was an absolute high risk 
procedure due to inexperienced operators, a paucity of data on procedural pitfalls and the use of 
early generation material and devices. Increased experience, along with improvements in valve 
prostheses, delivery systems and sizing routine, have made TAVI a more predictable and precise 
procedure, reducing procedural risk.7 This is reflected by the impressive results of contemporary 
real world registries,8, 9 but most convincingly demonstrated in the recently published US CoreValve 
trial that showed superior survival after TAVI compared to SAVR in a cohort of high risk patients.10 
Purpose of this study is to report our single-centre seven year TAVI experience with emphasis on 
trends in procedural results and clinical outcomes related to increased experience and technological 
advances.

METHODS
This study is an observational, retrospective, single centre study. All patients who underwent TAVI 
for severe AS at the University Medical Center Utrecht were retrospectively identified. Informed 
consent was provided by all patients for the procedure. The study was performed under a waiver 
obtained from the institutional medical ethics committee (14-661/C).

Patient selection and evaluation
All patients selected for TAVI were deemed ineligible for SAVR by consensus of at least one 
interventional cardiologist and one cardiac surgeon, because of high operative risk (logistic 
EuroSCORE-I≥15%) or presence of contraindications to surgery. The mutual guidelines of the 
Netherlands Society of Cardiology (NVVC) and the Netherlands Society of Thoracic Surgery (NVT) 
were adhered to for allocating TAVI to appropriate candidates.

Work-up included transthoracic echocardiography (TTE), coronary angiography, and 
thoracoabdominal multislice computed tomography (MSCT). TTE was used to assess left 
ventricular and valvular function. Additional transesophageal echocardiography was performed 
to visualize concomitant mitral valve disease when indicated, and was utilized in the first years to 
measure aortic annulus dimensions. Access sites and aortic root were assessed by MSCT, and lately 
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measurement of aortic annulus area has become of utmost importance for valve sizing. Coronary 
artery disease was evaluated by angiography. All significant lesions were treated by percutaneous 
coronary intervention before TAVI. Management of intermediate stenoses was guided by fractional 
flow reserve.

Transcatheter aortic valve implantation
Default access for TAVI was the transfemoral approach. In case of unsuitable femoral access a 
surgical approach was used (transapical, direct aortic or transsubclavian). Access was gained 
through standard techniques, with a surgical cutdown at first followed by a fully percutaneous 
approach in later years. After predilatation, a balloon-expandable (SAPIEN, SAPIEN XT or SAPIEN3, 
manufactured by Edwards Lifesciences, Irvine, CA, USA) or self-expanding valve (CoreValve or 
Evolut R, produced by Medtronic Inc., Minneapolis, MN, USA) was implanted, under rapid (180-200 
bpm) or slow ventricular pacing (100-120 bpm) (see Figure 1), respectively. Prosthesis function and 
coronary patency were assessed by angiography and echocardiography. In procedures under general 
anaesthesia TEE was used, otherwise intracardiac echocardiography. Measures to address significant 
aortic regurgitation (AR) were taken on discretion of the operators (including postdilatation, second 
valve implantation and snare catheter repositioning). 

Figure 1. Angiographic images of balloon-expandable (SAPIEN XT) (A-C) and self-expanding (CoreValve) valve 
implantation (D-F). Positioning of the balloon crimped prosthesis within the predilated aortic annulus (A). Re-
evaluation of valve position after partial inflation of the deployment balloon (B). Final implantation result with correct 
position and no aortic regurgitation (C). Positioning of the sheathed valve within the predilated aortic annulus (D). 
Valve expansion by slow retraction of the outer sheath (E). Final implantation result with good valve position and only 
trace paravalvular aortic regurgitation (arrowhead) (F).
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Data collection and study endpoints
Periprocedural data were retrospectively collected and registered. Follow-up was obtained from 
documentation of routine outpatient visits at 6 months and one year after TAVI. Vital status was 
attained by interrogation of the Dutch municipal personal records database. Complications were 
registered according to the second Valve Academic Research Consortium criteria and adjudicated 
by independent physicians.11

Main outcomes included all-cause mortality, device success, combined early safety, myocardial 
infarction, stroke, major vascular complications, life-threatening or major bleeding and acute kidney 
injury (AKI) at 30-days. Device success was defined as the correct implantation of the first valve 
prosthesis used, with proper functioning of the valve (peak aortic flow velocity <3m/s and no moderate 
or severe AR) and no procedural mortality. Early safety was defined as a composite endpoint of all-
cause mortality, any stroke, life-threatening bleeding, AKI stage II/III, myocardial infarction, major 
vascular complications and valve reintervention at 30-days. To evaluate trends in procedural results 
and clinical outcomes our consecutive TAVI experience was stratified into tertiles (T1, T2 and T3).

Statistical analysis
Continuous data are presented as mean±standard deviation, or median [interquartile range]. 
Categorical data are reported as counts and percentages. Linear trends across the tertiles were 
assessed by means of the Mantel-Haenszel test of trend for categorical variables. For continuous 
variables, the one-way analysis-of-variance or Kruskal-Wallis test was used depending on data 
distribution. Post-hoc pairwise comparisons between tertiles were made using Chi-Square or Fisher 
Exact test for categorical data and the independent sample T- or Mann-Whitney test for continuous 
data. Bonferroni correction was applied in post-hoc testing.

A propensity score analysis was performed to account for differences in baseline patient 
characteristics among the tertiles, using logistic regression incorporating tertile membership and 
the propensity score. Three propensity scores were calculated for the separate comparison of the 
tertiles (T1 vs. T2, T1 vs. T3 and T2 vs. T3) by nonparsimonious binary logistic regression (including 
all variables in Table 1). Results are reported as odds ratio’s (ORs) with 95% confidence intervals (95% 
CI). A two-tailed p-value <0.05 was regarded statistically significant. Data were analysed using IBM 
SPSS Statistics software version 21 (IBM Corp., Armonk, NY).

RESULTS
Between August 2008 and November 2014, 351 patients were treated with TAVI for severe AS in the 
University Medical Center Utrecht, yielding 117 consecutive patients per tertile. Figure 1 displays 
the number of patients treated per calendar year and the corresponding tertiles these patients were 
categorized into.

Baseline characteristics (Table 1) demonstrated a decrease in the incidence of severe renal 
impairment (18.8% vs. 4.3%, p<0.001), pulmonary hypertension (16.2% vs. 2.6%, p=0.021), previous 
stroke (19.7% vs. 9.4%, p=0.048) and porcelain aorta (17.9% vs. 7.7%, p=0.024) across the tertiles. There 
was an increase in patient preference being involved in the decision for TAVI (11.1% vs. 34.2%, p<0.001). 
Logistic EuroSCORE remained stable over time (17.1% [11.7-24.4] vs. 15.6% [11.2-23.4], p=0.607).
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Procedural data (Table 2) 
showed a decrease in the use of 
surgical TAVI (33.3% vs. 15.4%, 
p=0.001), general anaesthesia 
(83.8% vs. 17.1%, p<0.001) and 
circulatory support (4.3% vs. 
0%, p=0.006) over time. A steady 
decrease in fluoroscopy time (19 
[13-25] vs. 15 [12-19] minutes, 
p=0.007) and final AR grade 
≥2+ (14.5% vs. 6.0%, p=0.036) 
was noted, while an increase in 
postdilatation (10.3% vs. 22.2%, 
p=0.017) and device success 
(81.2% vs. 91.5%, p=0.023) rates 
was observed across the tertiles.

Short-term outcomes (Table 
3) displayed a reduction in 
predischarge moderate/severe 
AR (14.8% vs. 4.3%, p=0.006), 
30-day all-cause mortality 
(13.7% vs. 4.3%, p=0.004), life-
threatening bleeding (9.8% vs. 2.8%, p=0.030), AKI (31.2% vs. 5.1%, p<0.001) and early safety (23.2% vs. 
12.8%, p=0.040). Unadjusted Kaplan-Meier one-year survival estimates for each tertile are displayed in 
Figure 3, demonstrating more favourable survival in the last 2 tertiles compared to T1.

Propensity score adjusted analysis of separate tertiles (Table 4) revealed significantly lower rates 
of predischarge moderate/severe AR (OR 0.28; 95% CI 0.10-0.79), AKI (OR 0.15; 95% CI 0.05-0.39), 
life-threatening bleeding (OR 0.19; 95% CI 0.05-0.80) and early safety (OR 0.45; 95% CI 0.20-0.99) in 
T3 versus T1. All-cause mortality (OR 0.22; 95% CI 0.06-0.86) and AKI rate (OR 0.28; 95% CI 0.13-0.60) 
were significantly lower in T2 compared to T1.

DISCUSSION
The present study reports on the outcomes of seven years TAVI experience in a single centre in 
The Netherlands. Results were stratified into tertiles of consecutively treated patients in order to 
assess the impact of increasing experience (learning curve) and technological advances. Favourable 
trends were observed across the tertiles, with improvement of procedural results (a reduction in 
fluoroscopy time, less aortic regurgitation, higher device success) and clinical outcomes (a lower 
rate of life-threatening bleeding, any AKI, 30-day all-cause mortality and composite early safety). 
These temporal trends led to significant differences between the first and last tertiles, even after 
correction for differences in baseline characteristics, except for all-cause mortality.

Figure 2. Number of patients treated per calendar year and the 
corresponding tertiles (T1, T2, and T3) these patients were categorized 
into (grey rectangles). Blue and red collared bars represent balloon-
expandable and self-expanding valve procedures, respectively.
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Table 1. Patient baseline characteristics.

Overall 
(n=351)

T1 
(n=117)

T2 
(n=117)

T3 
(n=117)

P for 
trend

Age, years 80.3±7.3 80.1±7.5 80.3±6.6 80.6±7.7 0.654
Female gender 194 (55.3) 63 (53.8) 64 (54.7) 67 (57.3) 0.599
BMI, kg/m2 26.0±4.5 25.9±4.8 26.4±4.7 25.8±3.9 0.842
NYHA III/IV 202 (57.5) 66 (56.4) 71 (60.7) 65 (55.6) 0.895
Hypertension 207 (59.0) 72 (61.5) 64 (54.7) 71 (60.7) 0.894
Diabetes 110 (31.3) 40 (34.2) 40 (34.2) 30 (25.6) 0.159
Hypercholesterolemia 115 (32.8) 40 (34.2) 32 (27.4) 43 (36.8) 0.676
Renal impairment (eGFR <30) 39 (11.1) 22 (18.8) 12 (10.3) 5 (4.3)*† <0.001
Dialysis 10 (2.9) 7 (6.0) 1 (0.9) 2 (1.7) 0.075
COPD 79 (22.5) 33 (28.2) 25 (21.4) 21 (17.9) 0.061
Pulmonary hypertension 31 (8.8) 19 (16.2) 3 (2.6)* 9 (7.8)† 0.021
Peripheral artery disease 80 (22.8) 29 (24.8) 28 (23.9) 23 (19.7) 0.350
Abdominal aortic aneurysm 20 (5.7) 7 (6.0) 5 (4.3) 8 (6.8) 0.778
Stroke 50 (15.3) 23 (19.7) 16 (13.7) 11 (9.4) 0.048
Carotid artery disease 37 (10.5) 12 (10.3) 11 (9.4) 14 (12.0) 0.671
Coronary artery disease 182 (51.9) 59 (50.4) 73 (62.4) 50 (42.7) 0.240
Myocardial infarction 68 (19.4) 26 (22.2) 26 (22.2) 16 (13.7) 0.099
Previous PCI 138 (39.3) 46 (39.3) 54 (46.2) 38 (32.5) 0.285
Previous CABG 65 (18.5) 25 (21.4) 24 (20.5) 16 (13.7) 0.130
Previous BAV 11 (3.1) 6 (5.1) 1 (0.9) 4 (3.4) 0.578
Previous valve surgery 14 (4.0) 1 (0.9) 6 (5.1) 7 (6.0) 0.065
Atrial fibrillation 108 (30.8) 26 (22.2) 50 (42.7)* 32 (27.4) 0.396
Pacemaker implantation 26 (7.4) 5 (4.3) 11 (9.4) 10 (8.4) 0.213
Logistic EuroSCORE, % 16.3 [11.2-23.4] 17.1 [11.7-24.4] 16.3 [10.9-21.9] 15.6 [11.2-23.4] 0.307
Porcelain aorta 49 (14.0) 21 (17.9) 19 (16.2) 9 (7.7)* 0.024
Frailty 80 (22.8) 23 (19.7) 29 (24.8) 28 (23.9) 0.437
Patient’s preference for TAVI 74 (21.1) 13 (11.1) 21 (17.9) 40 (34.2)*† <0.001
LVEF, % 50.9±13.2 52.8±12.9 49.6±13.6 50.5±12.8 0.230
Moderate or severe LV dysfunction 97 (27.6) 27 (23.1) 38 (32.5) 32 (27.4) 0.465
Indexed aortic valve area, cm2/m2 0.38±0.10 0.39±0.09 0.37±0.10 0.39±0.10 0.763
Peak aortic valve gradient, mmHg 66.2±22.1 67.7±21.9 64.6±20.9 66.3±23.4 0.614
Mean aortic valve gradient, mmHg 39.1±14.5 40.1±13.4 38.1±14.3 39.0±15.7 0.517
Moderate to severe AR 66 (18.5) 25 (21.4) 25 (21.4) 15 (13.3) 0.093
Moderate or severe MR 82 (23.4) 26 (22.2) 23 (19.7) 33 (28.2) 0.280

AR= Aortic Regurgitation; BAV= Balloon Aortic Valvuloplasty; CABG= Coronary Artery Bypass Grafting; COPD= Chronic 
Obstructive Pulmonary Disease; eGFR= Estimated Glomerular Filtration Rate; MR= Mitral Regurgitation; NYHA= New 
York Heart Association; LVEF= Left Ventricular Ejection Fraction; PCI= Percutaneous Coronary Intervention; sPAP= 
Systolic Pulmonary Artery Pressure. *  Crude p<0.05 vs. T1  †  Crude p<0.05 vs. T2
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Table 3. Short-term outcomes according to the Valve Academic Research Consortium 2 criteria.

Overall 
(n=351)

T1 
(n=117)

T2 
(n=117)

T3 
(n=117)

P for 
trend

Predischarge echocardiography (n=341) (n=110) (n=117) (n=114)
Moderate/severe AR 30 (8.8) 16 (14.8) 9 (7.7) 5 (4.3)† 0.006
Peak aortic gradient, mmHg 16.2±6.4 17.9±6.7 14.7±5.8† 16.1±6.3 0.041
Mean aortic gradient, mmHg 8.6±3.4 9.5±3.5 7.9±2.9† 8.4±3.5 0.034
Time to discharge, days 5 [5-7] 7 [5-9] 5 [4-6]† 5 [4-7]† 0.002
30-day clinical outcome (n=335) (n=112) (n=114) (n=110)
All-cause mortality 24 (6.8) 16 (13.7) 3 (2.6)† 5 (4.3)† 0.004
Myocardial infarction 4 (1.2) 3 (2.7) 0 2 (1.8) 0.787
Stroke or TIA 13 (3.9) 7 (6.4) 5 (4.4) 1 (0.9) 0.054
Disabling stroke 7 (2.1) 2 (1.8) 4 (3.5) 1 (0.9) 0.660
Major vascular complication 31 (9.3) 18 (15.2) 15 (12.8) 11 (9.4) 0.073
Life-threatening bleeding 21 (6.3) 11 (9.8) 7 (6.1) 3 (2.8)† 0.030
Major bleeding 32 (9.1) 12 (10.3) 11 (9.4) 9 (8.3) 0.690
New pacemaker implantation* 33/319 (10.7) 11/107 (10.3) 11/103 (10.7) 10/99 (10.1) 0.847
Acute kidney injury (any stage) 55 (15.7) 35 (31.2) 14 (12.3)† 6 (5.1)† <0.001
Stage 2 or 3 13 (3.7) 8 (7.1) 3 (2.6) 2 (1.8) 0.054
Early safety endpoint 52 (15.5) 27 (23.2) 17 (14.9) 14 (12.8)† 0.040

* Reported as a percentage of patients without a previous pacemaker. † Crude p<0.05 vs. T1

Table 2. Procedural features.

Overall 
(n=351)

T1 
(n=117)

T2 
(n=117)

T3 
(n=117)

P for  
rend

Surgical TAVI 72 (20.5) 39 (33.3) 15 (12.8)† 18 (15.4)† 0.001
General anesthesia 135 (38.5) 98 (83.8) 17 (14.5)† 20 (17.1)† <0.001
Use of circulatory support 5 (1.4) 5 (4.3) 0 0 0.006
Predilatation 345 (98.3) 114 (97.4) 117 (100) 114 (97.4) 1.000
Balloon-expandable valve 249 (70.9) 91 (77.8) 75 (64.1)† 83 (70.9) 0.250
Postdilatation 62 (17.7) 12 (10.3) 24 (20.5) 26 (22.2)† 0.017
Snare catheter repositioning 5 (1.4) 1 (0.9) 3 (2.6) 1 (0.9) 0.695
Second valve implantation 14 (4.0) 5 (4.3) 6 (5.1) 3 (2.6) 0.619
Contrast use, ml 155 [130-190] 150 [120-200] 160 [140-200] 140 [130-160]‡ 0.005
Fluoroscopy time, min 17 [13-22] 19 [13-25] 17 [13-22] 15 [12-19] †‡ 0.010
Complications
    Conversion to open surgery 3 (0.9) 2 (1.7) 1 (0.9) 0 0.295
    Coronary artery obstruction 2 (0.6) 0 0 2 (1.7) 0.221
    Cardiac tamponade 10 (2.8) 5 (4.3) 4 (3.4) 1 (0.9) 0.170
    Valve malpositioning* 11 (3.1) 4 (3.4) 3 (2.6) 4 (3.4) 1.000
     Final AR ≥ grade 2+ 38 (10.8) 17 (14.5) 14 (12.0) 7 (6.0)† 0.036
     Intraprocedural mortality 2 (0.6) 1 (0.9) 0 1 (0.9) 1.000
Device success 301 (85.8) 95 (81.2) 101 (86.3) 107 (91.5)† 0.023

* Either valve malpositioning, embolization or migration. † Crude p<0.05 vs. T1.  ‡ Crude p<0.05 vs. T2
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Table 4. Propensity score adjusted analysis for short-term outcomes.

Crude analysis Propensity score adjusted
OR (95% CI) p OR (95% CI) p

All-cause mortality
T2 vs. T1
T3 vs. T1

0.17
0.28

(0.05-0.59)
(0.10-0.79)

0.002
0.012

0.22
0.35

(0.06-0.86)
(0.11-1.09)

0.029
0.070

Moderate to severe AR
T3 vs. T1 0.26  (0.91-0.73) 0.007 0.26  (0.08-8.88) 0.021
Acute kidney injury
T2 vs. T1
T3 vs. T1

0.31
0.13

(0.16-0.61)
(0.51-0.32)

0.001
<0.001

0.28
0.15

(0.13-0.60)
(0.05-0.39)

0.001
<0.001

Life-threatening bleeding
T3 vs. T1 0.26 (0.07-0.95) 0.030 0.19 (0.05-0.80) 0.023
Early safety endpoint
T3 vs. T1 0.48 (0.24-0.98) 0.042 0.45 (0.20-0.99) 0.049

Figure 3. Unadjusted one-year 
Kaplan Meier survival analysis 
per tertile.
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Already in the early days of TAVI, small series demonstrated a dramatic increase in success rates 
with accumulating experience, related to a decrease in valve malpositioning12 and postoperative 
mortality.13, 14 In the present study, the largest decrease in mortality was noted soon after the initial 
experience (between T1 and T2), probably reflecting the steepest portion of the TAVI learning 
curve. Hereafter, death rate plateaued, despite continued reductions in complication rates, a finding 
similar to recent data from the UK-TAVI registry.15 The apparent lack of survival benefit with a 
further reduction in complications may reflect experience driven improvement in the recognition 
and treatment of adverse events. The temporal reduction in TAVI complications has been previously 
observed by others. The PRAGMATIC-Plus initiative demonstrated a decrease in major vascular 
complications, life-threatening and major bleeding, and combined safety across tertiles of 642 
propensity score matched patients.16 The UK-TAVI registry also found a reduction in major vascular 
injury and observed lower stroke rates over a period of 6 years.15 A large single-centre experience 
from Munich reported similar findings, with a decrease in vascular complications and combined 
stroke or TIA, albeit in the presence of a significant decline in patient operative risk.17 

The impact of mounting experience cannot be isolated from advances in technology since 
both phenomena parallel. New valve systems provide improved manoeuvrability, more predictable 
deployment mechanics and a wider range of valve sizes, optimizing implantation results in terms of 
better positioning and annular sealing.7, 18 The introduction of valves with features specifically aimed 
at reducing AR (sealing cuffs, repositionable valves) may further improve valve patency and possibly 
equal results achieved in SAVR.19 Lower device profiles have made transfemoral procedures less 
traumatic, avoiding excessive manipulation of large vessels and unanticipated mismatch of catheter 
and artery calibres, mitigating the risk of stroke, vascular injury and bleeding.20, 21 Furthermore, 
reduced delivery profiles render a larger proportion of patients eligible for transfemoral access with 
a fully percutaneous technique. This may explain the decline in life-threatening bleeding and trend 
towards reduced major vascular complications and stroke observed in our study, and is additionally 
responsible for the reduced need for surgical TAVI.

Refinements to procedural planning and implantation technique also improved outcomes. 
Whereas in the early days unidirectional measurements on TEE were used for valve sizing, 
nowadays double-oblique MSCT projections of the aortic annulus are used for area and perimeter 
measurements.22 In our centre, optimization of implantation angles by rotational angiography 
derived 3-dimensional reconstruction of the aortic root reduces the need for repeated aortograms 
and facilitates valve positioning.23 Stabilizing the annulus with slow pacing during self-expanding 
valve deployment and the adoption of a two-step or slow inflation technique for balloon-expandable 
valve implantation contribute to better prosthesis placement.24 Proper valve positioning is crucial 
as out of range placement carries the risk of conduction disturbances, significant AR, coronary 
obstruction and valve embolization. The counterintuitive increase in postdilatation rates across the 
tertiles results from the introduction of the self-expandable valve, known to require post-dilatation 
more often. Moreover, it involves a lower threshold, as evidence suggesting even low grade AR may 
reduce survival became available.25

The favourable trends in TAVI may be biased by temporal changes in patient selection, however. 
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Increasing operator confidence and increasing awareness among patients unwilling to undergo 
major surgery may have led to treatment of subjects with lower operative risk. Although a shift in 
patients selection was noted in a large German study,17 this trend was absent in the UK TAVI registry15 
and is not evident in the present analysis. Propensity score analysis was used to eliminate the effect 
of patient selection, providing quite similar results as the crude analysis, which was expected as 
minor differences in baseline characteristics were present.

LIMITATIONS
Main limitation of this study is its retrospective design, which may have led to underestimation 
of complications or misclassification of outcomes. Dividing consecutive experience in tertiles is a 
commonly used approach to assess temporal trends in intervention outcomes, although it may be 
regarded arbitrary.

CONCLUSION
Despite the fact that TAVI is restricted to a high risk population, excellent results have been achieved 
over the years. Increasing experience and know-how, together with advances in procedural material 
and prosthetic valve design, have led to substantial improvements in outcomes. Although tempting, 
caution is warranted regarding the extension of TAVI to lower risk patients, as a shift in risk should 
be supported by convincing evidence.
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ABSTRACT
Aims: 
To investigate the incidence, predictive factors and impact of postoperative delirium (POD) among 
patients treated by transcatheter aortic valve implantation (TAVI). 

Methods: 
A retrospective observational cohort study of 268 consecutive patients who underwent TAVI at 
our institute was conducted. Delirium was diagnosed according to the Diagnostic and Statistical 
Manual of Mental Disorder, 4rd Edition criteria. Primary outcome of this study was the presence of 
in-hospital POD after TAVI. 

Results:
 The incidence of POD after TAVI was 13.4% (n=36). Of these cases, 18 were associated with post-
procedural complications, including major vascular complications/bleeding (n=4), stroke (n=3), 
acute kidney injury (n=3), atrial fibrillation (n=4) and infectious disease (n=4). POD was most 
frequently diagnosed on the second day after TAVI (IQR: 1-5) and was associated with prolonged in-
hospital stay regardless of complications (in uncomplicated TAVI: 6 [5-10] vs. 5 [4-5] days, p<0.001; 
and in complicated TAVI: 9 [8-15] vs. 6 [5-9] days, p<0.001). Predictors of POD were non- transfemoral 
(transapical/transaortic) access (Odds Radio [OR] 7.74; 95% confidence interval [CI] 3.26-18.1), 
current smoking (OR 3.99; 95% CI 1.25-12.8), carotid artery disease (OR 3.88; 95% CI 1.50-10.1), atrial 
fibrillation (OR 2.74; 95% CI1.17-6.37) and age (OR 1.08; 95% CI 1.00-1.17, per year increase). After 
a median follow-up of 16 [6-27] months, POD remained an independent predictor of mortality in 
transfemoral TAVI, but not in non-transfemoral TAVI (Hazard Ratio: 2.81; 95% CI 1.16-6.83 vs. 0.43; 
95% Cl 0.10-1.76), adjusted for confounders in a time-dependent Cox-regression model (including 
age, sex, Logistic EuroSCORE and the occurrence of complications).

Conclusions: 
POD after TAVI has an incidence of around 13% and occurs early in the postoperative course. Non-
transfemoral access is strongly associated with the occurrence of POD. Patients who develop POD 
show prolonged in-hospital stay and impaired long term survival. 
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INTRODUCTION 
Delirium is an acute organic brain syndrome that often complicates the postoperative course of 
cardiac surgery.1, 2 The incidence of postoperative delirium (POD) after cardiac surgery ranges 
between 8% and 31%,3-7 increasing with age to 25-52% in patients ≥60 years8-10 and 31-66% in patients 
≥70 years.11-13 Differences in study design and diagnostic criteria are likely responsible for the variance 
in the reported incidence of POD, as delirium is a clinical diagnosis easily overlooked. Hallmark of 
delirium is the acute onset and fluctuating course of symptoms related to cognitive dysfunction, 
including decreased consciousness, inattention, disorientation and impaired memory.1 Depending 
on the presence of psychomotor disturbances, delirium can be classified as either hyperactive, 
hypoactive or mixed.14 The etiology of delirium involves a complex interaction between predisposing 
factors (e.g. advanced age, pre-existing cognitive impairment and previous stroke) and precipitating 
factors (e.g. surgery, medication changes, hospitalization).1

Although mostly transient, delirium is not a benign cognitive disorder. After cardiac surgery, 
delirium prolongs mechanical ventilation time,14, 15 intensive care unit and hospital stay,7, 15-17 and 
is associated with sepsis18 and increased perioperative mortality.13, 15 Furthermore, it negatively 
impacts early functional and cognitive performance6, 19, 20 and is related to increased mortality for 
up to 10-years.6, 17, 21 Moreover, delirium in general is linked to an elevated risk of dementia22 and 
dramatically accelerates cognitive decline in Alzheimer disease.23 Whether delirium itself can induce 
dementia remains controversial, although there is evidence supporting this theory.24

Nonpharmacological strategies have shown effectiveness in the prevention of delirium in surgical 
patients, reducing the incidence by 30-40%, resulting in less morbidity, shorter length of stay and 
reduced medical costs.25 Knowledge of the predictive factors of POD is crucial to identify patients 
at increased risk, most likely to benefit from preventive measures and intensified postoperative 
monitoring. Numerous predictors of POD after cardiac surgery have been identified, of which higher 
age,3-5, 7, 11, 15, 26 cognitive impairment,3, 4, 7, 8, 10, 13 active depression,4, 7, 10, 14 atrial fibrillation,4, 5, 7 and 
cardiopulmonary bypass time3, 5, 13, 14 are most consistently reported. 

Patients undergoing operations that involve valve replacement appear at higher risk of POD than 
patients subjected to coronary artery bypass surgery alone.8, 27-29 Nowadays, transcatheter aortic 
valve implantation (TAVI) is used as an alternative to surgical aortic valve replacement (SAVR) in 
patients with severe aortic stenosis (AS) deemed inoperable or at high surgical risk.30 Characterized 
by advanced age, frailty and extensive comorbidities, patients undergoing TAVI seem particularly 
prone to develop POD. Despite the potential impact of delirium on outcomes and the vulnerability 
of typical candidates for the procedure, little is known regarding POD after TAVI. By means of this 
retrospective, descriptive study, we sought to investigate the incidence, predictive factors and impact 
of POD among patients treated with TAVI.

METHODS
This is a retrospective single center study. All patients who underwent TAVI for severe native AS at 
the University Medical Center Utrecht were identified in our institutional database and included in 
the study. Eligibility for TAVI was discussed in the Heart Team and required the consensus of at least 
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one interventional cardiologist and one cardiac surgeon. Motivations to refuse surgical aortic valve 
replacement (SAVR) in patients were high operative risk (as assessed by logistic EuroSCORE-I≥15%) 
or the presence of contra-indications to cardiac surgery (e.g. porcelain aorta, frailty, patent grafts 
in proximity of the sternum). Frailty was subjectively measured prior to allocating TAVI by an 
interventional cardiologist and/or cardiothoracic surgeon based on the informal ‘eyeball test’ 
(including cognition function, physical weakness and walk speed). Patients previously diagnosed 
with Alzheimer were excluded. All patients gave informed consent for the procedure and due to the 
retrospective nature of the study design, ethics committee approval was waived.

Study endpoints 
The primary outcome of this study was the presence of delirium on any day during the in hospital stay 
after TAVI. In case of suspected delirium observed by the nurse or attending physician, a Delirium 
Observational Score (DOS) was used for further assessment. The DOS combines an assessment of 
the patients level of consciousness with an evaluation of mental status, inattention and disorganized 
thinking. When scoring ≥3 points, a trained Geriatrician was consulted to establish or exclude 
the diagnosis of delirium based on DSM-IV criteria (see Table 1). If the diagnosis of delirium was 
established, a standardized work-up to exclude precipitating factors was set up 31. Other clinical 
outcomes were adjudicated in compliance with the Valve Academic Research Consortium 2 criteria 
32. Vascular complications were documented for all procedural ‘access sites’, defined as any location 
traversed by a guide-wire, a catheter or a sheath during the procedure, including arteries, veins, 
left ventricular apex and the aorta. Post-discharge survival status was established by contacting the 
Municipal Civil Registries.

Implantation procedure
Patients were admitted 1 day before the procedure at our institution (if they were not already 
admitted because of clinical instability). Valve implantation was performed per transfemoral, 
transapical or transaortic approach, in order of our institutional preference, depending on the 
presence of suitable access sites. Common access techniques were used. All transfemoral procedures 
involved a fully percutaneous technique. Conscious sedation was the default anesthetic technique in 
transfemoral procedures, in non-transfemoral TAVI (transapical or transaortic) general anesthesia was 
instituted. After the procedure, transfemoral patients were transferred directly to the ward, avoiding 

Table 1. Diagnostic criteria for delirium according to the Diagnostic and Statistical 
Manual of Mental Disorders, 4th Edition.

I Disturbance of consciousness (i.e. reduced clarity of awareness of the environment, with reduced ability to 
focus, sustain, or shift attention).

II A change in cognition (such as memory deficit, disorientation, language disturbance) or development of a 
perceptual disturbance that is not better accounted for by a preexisting, established, or evolving dementia.

III The disturbance is developed over a short period of time (usually hours to days) and tends to fluctuate 
during the course of the day.

IV Delirium is caused by the direct physiologic consequences of a general medical condition ( further criteria 
for specific forms of delirium caused by substance intoxication or withdrawal).
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any intensive care stay (including the coronary care unit). Non-transfemoral patients stayed for at least 
one night in the intensive care unit, followed by the surgical medium care unit and thereafter the ward.

Statistical analysis
Categorical variables are expressed as frequencies and percentages and were compared with the Chi-
square or Fisher’s Exact test. Continuous variables are expressed as mean and standard deviation if 
normally distributed or as median [interquartile range] if skewed and compared with the Student’s 
t-test or its non-parametric equivalents, respectively.

Univariable variables with p<0.10 were entered in the backward stepwise multivariable logistic 
regression to identify the pre-procedural risk factors of POD. Collinearity diagnostics were evaluated 
for all variables considered for multivariable analysis. In case of multicollinearity, the variable 
with the higher odds ratio (OR) was incorporated in the model. The association between POD and 
mortality was analyzed using Kaplan–Meier survival estimates and the Log Rank test. In order 
to isolate the association of POD with all-cause mortality, a Cox regression model was developed 
including possible confounders (i.e., age, gender, any post procedural complication and Logistic 
EuroSCORE). The proportional hazards assumption was tested for each variable by visual inspection 
of the log-minus-log (LML) plots. Non-proportionality was accounted for by incorporation of time-
dependent covariates. Results are reported as ORs or hazard ratio’s (HRs) where appropriate, with 
95% confidence intervals . All tests were two-tailed and a p-value <0.05 was considered statistically 
significant. All statistical analyses were carried out using the IBM Statistical Package for Social 
Science for Windows, version 21.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism, version 6.

RESULTS
Between November 2011 and December 2014, 270 patients underwent TAVI because of severe 
symptomatic AS at the University Medical Center Utrecht. Two patients (0.7%) were excluded 
because of known Alzheimer disease, leaving 268 patients for further analysis. There were no cases 
of delirium observed prior to the procedure. The overall incidence of POD diagnosed in accordance 
with DSM-IV criteria was 13.4% (n=36). Baseline characteristics, procedural and hospital outcomes 
of the study population stratified according to the occurrence of POD are summarized in Tables 
2-4. Preoperatively, the POD vs. non-POD groups differed significantly in the rates of carotid disease 
(33% vs 9%, p<0.001), peripheral artery disease (50% vs 9%, p<0.001) and current smoking habit (22% 
vs 18%, p=0.013). Regarding procedural features, patients who developed POD underwent more 
frequently non-transfemoral procedures (50% vs. 10%, p<0.001), received more frequently general 
anesthesia (50% vs. 15%, p<0.001) and underwent longer procedures (140 vs.124 minutes, p=0.014). 
Concerning clinical outcomes, stroke (8% vs. 1%, p=0.034), cardiac tamponade (11% vs. 2%, p=0.013), 
postoperative atrial fibrillation (11% vs. 0%, p<0.001), infectious disease (11% vs. 0.4%, p=0.001) and 
acute kidney injury (8% vs. 2%, p=0.053) were more prevalent in the POD group. Out of the 36 POD 
cases, 18 were associated with at least one post-procedural complication, including major vascular 
complications/bleeding (n=4), stroke (n=3), acute kidney injury (n=3), atrial fibrillation (n=4) and 
infectious disease (n=4). 
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Table 2. Baseline clinical characteristics of the total study population.

Delirium p
Overall (n=268) Yes (n=36) No (n=232)

Age, years 80±7 82±5 80±8 0.094
Gender, male 123 (46) 17 (47) 106 (46) 0.864
BMI, Kg/m2 26±4 26±4 26±4 0.830
BSA, m2 1.83±0.20 1.79 ±0.18 1.84±0.20 0.443
Logistic EuroSCORE 18±9 20±10 17±9 0.814
NYHA class III-IV 154 (60) 24 (69) 130 (58) 0.238
Recent decompensation 50 (19) 11 (31) 39 (17) 0.050
Diabetes mellitus 82 (31) 11 (31) 71 (31) 0.995
Dialyses 4 (2) 2 (6) 2 (1) 0.088
Hypertension 154 (58) 26 (72) 128 (55) 0.054
Dyslipidemia 88 (33) 15 (42) 73 (32) 0.225
Smoking status 
   Never smoker 180 (67) 19 (53) 161 (69) 0.048
   Prior smoker 62 (23) 9 (25) 53 (23) 0.775
   Current smoker 26 (10) 8 (22) 18 (8) 0.013
COPD 57 (21) 8 (22) 49 (21) 0.881
Estimated GFR, ml/min 57±22 51±24 58±21 0.571
Syncope 36 (14) 6 (17) 30 (13) 0.439
Carotid artery disease* 33 (12) 12 (33) 21 (9) 0.000
Prior stroke 35 (13) 5 (14) 30 (13) 0.795
Peripheral artery disease 62 (23) 18 (50) 44 (19) 0.000
Coronary artery disease 144 (54) 20 (56) 124 (53) 0.813
Prior myocardial infarction 49 (18) 9 (25) 40 (17) 0.262
Prior PCI 109 (41) 15 (42) 94 (41) 0.896
Prior CABG 49 (18) 6 (17) 43 (19) 0.787
Prior BAV 8 (3) 0 8 (3) 0.603
Atrial fibrillation 92 (34) 17 (47) 75 (32) 0.080
Prior pacemaker implantation 21 (8) 2 (6) 19 (8) 0.749
Pulmonary hypertension 12 (5) 2 (6) 10 (4) 0.667
Active malignancy 16 (6) 1 (3) 15 (7) 0.704
Liver disease 5 (2) 1 (3) 4 (2) 0.517
Frailty 63 (24) 9 (25) 54 (23) 0.820

BMI=Body Mass Index; BSA = Body Surface Area; NYHA=New York Heart Association ; COPD=Chronic Obstructive 
Pulmonary Disease; GFR= Glomerular Filtration Rate;  PCI= Percutaneous Coronary Intervention; CABG= Coronary 
Artery Bypass Grafting, BAV= Balloon Aortic Valvuloplasty. *Prior or planned carotid artery intervention and/or 
≥50% diameter stenosis of the common carotid artery evaluated by computed tomography angiography or Duplex 
investigation. 
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Table 3. Procedural features. 

Delirium p

Overall (n=268) Yes (n=36) No (n=232)
Procedural approach 0.000
   TF 228 (85) 18 (50) 210 (91) 0.000
   TF with general anesthesia 12 (5) 0 12 (6) 0.379
    Non transfemoral access* 40 (15) 18 (50) 22 (10) 0.000
General anesthesia 52 (19) 18 (50) 34 (15) 0.000
Balloon-expandable valve 174 (65) 27 (75) 147 (63) 0.173
Postdilatation 55 (21) 4 (11) 51 (22) 0.133
Conversion to surgery 1 (0.4) 0 1 (0.4) 1.000
Intra-procedural death 1 (0.4) 0 1 (0.4) 1.000
Radiation, mGy 683[390-1021] 701[408-975] 694[392-1165] 0.244
Contrast volume, ml 159±51 159±59 160±50 0.847
Procedural time, min 124[112-145] 140[122-159] 124[110-144] 0.014
Interventional time, min 85[73-105] 90[76-110] 85[74-104] 0.330

TF = transfemoral. * transapical/transaortic 

Table 4. In-hospital clinical outcome.

Delirium p
Overall (n=268) Yes (n=36) No (n=232)

Permanent pacemaker implantation 29 (11) 6 (17) 23 (10) 0.247
Stroke 6 (2) 3 (8) 3 (1) 0.034
Myocardial infarction 3 (1) 1 (3) 2 (1) 0.352
Cardiac tamponade 8 (3) 4 (11) 4 (2) 0.013
Atrium fibrillation 4 (2) 4 (11) 0 0.000
Infection 5 (1.9) 4 (11.1) 1 (0.4) 0.001
Any acute kidney injury 29 (11) 5 (14) 24 (10) 0.563
    Acute kidney injury stage II/III 7 (3) 3 (8) 4 (2) 0.053
Major vascular complication 20 (8) 4 (11) 16 (7) 0.323
Bleeding(any) 80 (30) 14 (39) 66 (28) 0.240
Major or life-threatening bleeding 21 (8) 4 (11) 17 (7) 0.500
All-cause mortality 7 (3) 1 (3) 6 (3) 1.000

Table 5.  Baseline and procedural predictors for POD in univariable and multivariable analysis. 

Univariable p Multivariable p
OR (95% Cl) OR (95% Cl)

Age 1.04 (0.98-1.10) 0.160 1.08 (1.00-1.17) 0.041
Atrial fibrillation 1.87 (0.92-3.81) 0.083 2.74 (1.17-6.37) 0.020
Carotid artery disease 5.02 (2.20-11.5) 0.000 3.88 (1.50-10.1) 0.005
Current smoker 3.39 (1.35-8.53) 0.009 3.99 (1.25-12.8) 0.020
Peripheral artery disease 4.27 (2.06-8.87) 0.000 - -
Hypertension 2.11 (0.97-4.58) 0.058 - -
Non transfemoral access* 9.55 (4.34-21.0) 0.000 7.74 (3.26-18.1) 0.000
General anesthesia 5.82 (2.75-12.3) 0.000 - -

* Transapical or transaortic TAVI approach.
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Figure 1. Time to onset of postoperative delirium after TAVI.

Figure 2. Postoperative in-hospital stay.
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Figure 3. The association between postoperative delirium and mortality after transfemoral TAVI (A) and non-
transfemoral TAVI (B) graphically presented by Kaplan–Meier survival curves.



124  |  Chapter 7

Delirium was most frequently diagnosed on day 2 [1-5] after TAVI (Figure 1) and was associated 
with prolonged in-hospital stay regardless of complications (in uncomplicated TAVI: 6 [5-10] vs. 5 
[4-5] days, p<0.001; and in complicated TAVI: 9 [8-15] vs. 6 [5-9] days, p<0.001) (Figure 2). 

Multivariable logistic regression analysis showed that non-transfemoral access (OR 7.74; 95% 
CI 3.26-18.1), current smoking (OR 3.99; 95% CI 1.25-12.8), carotid artery disease (OR 3.88; 95% CI 
1.50-10.1), atrial fibrillation (OR 2.74; 95% CI 1.17-6.37) and age (OR 1.08; 95% CI 1.00-1.17) were 
independent predictors of POD (Table 5). General anesthesia was not incorporated in the model 
because of multicollinearity with non-transfemoral access. 

 After a median follow-up of 16 [6-27] months overall mortality was 18%. Patients who developed 
POD demonstrated higher mortality in transfemoral TAVI (39% vs.13%, p=0.003) but not in non-
transfemoral TAVI (33% vs. 36%, p=0.841). Similarly, POD remained a significant predictor of 
mortality in transfemoral TAVI (HR: 2.81; 95% CI 1.16-6.83), but not in in non-transfemoral TAVI 
(HR 0.43; 95% Cl 0.10-1.76), independent of age, sex, Logistic EuroSCORE and the occurrence of 
complications (Figure 3A-B). 

DISCUSSION 
In the present study, we investigated the incidence, predictors and impact of POD after TAVI. The 
incidence of POD (based on DSM-IV criteria) was 13.4% in this cohort. Non-transfemoral TAVI, increased 
age, carotid artery disease, current smoking habit, and AF were independent predictors of POD. The 
occurrence of POD was associated with prolonged in-hospital stay regardless of complications, and 
remained an independent predictor of mortality in a transfemoral TAVI but not in non-transfemoral 
TAVI, when adjusted for age, sex, Logistic EuroSCORE and the occurrence of complications.

Postoperative delirium is an outcome that certainly deserves attention in TAVI, as the typical 
target TAVI patient and several procedural aspects of TAVI designate this intervention as “high 
risk” of being complicated by delirium. Advanced age and significant comorbidities may predispose 
all TAVI candidates to POD. Moreover, ischemic brain injury, one of the mechanism suspected to 
cause POD through alteration of cerebral acetylcholine levels,33 is commonly encountered in TAVI. 
In cardiac surgery, higher microembolic load,34 elevated biomarkers of brain tissue damage,35 and 
clinical cerebrovascular events,5, 10, 26 have been associated with POD. In response to brain injury, 
increased microglia activity induced by neuroinflammation in the brain has been hypothesized to be 
one of the mechanisms that may contribute to POD.36 Brain injury related to TAVI most often involves 
(micro)infarctions caused by cerebral embolization of aortic plaque or valve particles dislodged 
during prosthesis positioning and deployment.37 Rapid ventricular pacing may also contribute to 
ischemic brain injury by causing episodic hypotension and cerebral hypoperfusion.38

Data on the incidence of delirium after TAVI are scarce, as the present study is one of the first on 
this topic. A previous small cohort study (including patients treated in 2008 and 2009, n= 122) reported 
a 12% incidence of POD after transfemoral TAVI and 53% after transapical TAVI.39 This is in line with 
the 8% and 45% POD rate after transfemoral and non-transfemoral TAVI in our analysis. Despite 
extensive comorbidities, POD appears to occur substantially less after transfemoral TAVI (<10%) 
than after SAVR in elderly patients (31-66%), while the incidence of POD after non-transfemoral 
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TAVI (̴50%) seems to approach that of SAVR.8, 12 Recently, a non-randomized prospective study 
investigating POD in octogenarians after TAVI and SAVR, reported SAVR as a risk factor for POD 
with a 22% higher incidence compared to TAVI.12 The reported 44% rate of POD after TAVI in this 
study is difficult to interpret, however, due to the absence of data on procedural access and the use 
of a different diagnostic tool (Confusion Assessment Method) for delirium.

Similar to previous data, non-transfemoral access was identified as the strongest predictor of 
POD in the present analysis.39 A distinct feature of non-transfemoral access patients is the presence 
of advanced vascular disease, which may be indicative of coexisting cerebrovascular disease, 
creating increased potential for intraprocedural cerebral ischemia and POD. Otherwise, non-
transfemoral procedures involve a stronger noxious stimulus than transfemoral TAVI, due to the 
need for general anesthesia, intensive care stay and the disorienting effect of the frequent change 
of environment, and is therefore more likely to precipitate delirium. Non-transfemoral access also 
comes with postoperative pain, increased opioid use and postoperative inflammation, all factors 
capable of triggering POD. While significantly associated with POD in the univariable analysis, the 
independent impact of general anesthesia could not be assessed in the present study, because of 
multicollinearity with non-transfemoral TAVI. General anesthesia has been linked to postoperative 
cognitive dysfunction, as general anesthetics exert an anticholinergic effect and interfere with 
many neural processes, involving intracellular calcium signaling, receptor functioning, and gene 
transcription.40 Clinical data on the relevance of anesthetic technique (general anesthesia vs. local 
anesthesia+/-sedation) in provoking delirium are inconclusive. However, considering the many 
procedural aspects that may promote delirium, it seems implausible that anesthetic technique is 
solely causative for the higher rate of POD in non-transfemoral TAVI. 

All remainder predictors found in this study, including higher age,3-5, 7, 11, 15, 26 carotid artery disease,5, 

26, 41 atrial fibrillation,4, 5, 7 and current smoking,42 have been previously related to POD in cardiac 
surgery. Common denominator of these factors may be their involvement in the causative chain of 
ischemic brain injury through an association with (cerebral) atherosclerosis or thromboembolism. 
Higher age is also a risk factor of POD due to an age-dependent decrease in neurotransmitter 

Table 6. Guidelines for prevention of delirium in patients at-risk, adapted from the National Institute for Health 
and Care Excellence (NICE).

Preoperative assessment 
1 Avoid moving persons within and between wards or rooms unless absolutely necessary. 

2 Give a tailored, multicomponent intervention package based on the risk factors for delirium.
Postoperative care     
3 Reorient the patient through appropriate lighting and signage, including a clearly visible clock  and calendar.

4 Address dehydration and constipation by ensuring adequate fluid intake.

5 Assess for hypoxia and optimize oxygen saturation, as clinically appropriate.

6 Treat infections and avoid  unnecessary catheterization.

7 Promote mobility as soon as considered safe after the intervention.

8 Address and assess for pain.

9 Perform a medication review for polypharmacy, accounting for both the type and the number of drugs.

10 Address poor nutrition by providing nutrition support as recommended by the NICE clinical guidelines.

11 Screen and address sensory impairment by providing hearing and visual aids.

12 Promote good sleep patterns.
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release and an overtime accumulation of cerebral tissue damage that aggravate susceptibly to brain 
dysfunction.1, 43 Besides through promoting atherosclerosis, active smoking has been hypothesized 
to contribute to POD by abrupt cessation during hospitalization, since nicotine withdrawal involves 
acetylcholine disturbances similar to POD.44 Preoperative AF is not only postulated to predispose 
to POD by inflicting thromboembolic brain damage, but may additionally provoke periods of 
hypotension causing cerebral hypoperfusion.45

Analogous to observations in conventional cardiac surgery, POD after TAVI was related to 
an adverse outcome in the present analysis, characterized by prolonged in-hospital stay, and, in 
case of transfemoral TAVI, elevated follow-up mortality. Stratification according to the presence 
of postoperative complications (other than delirium) demonstrated that POD in itself leads to 
prolonged hospitalization after TAVI. To what extent increased morbidity and mortality can be truly 
attributed to POD is difficult to establish.46 Rather than being causally related to adverse events, POD 
may reflect a patient’s decreased resilience against noxious stimuli (i.e. fragility), merely identifying 
those individuals already predisposed to worse treatment outcomes. Along similar lines, the 
occurrence of POD after less physically demanding transfemoral procedures may identify extremely 
frail patients, which may be explanatory for the higher mortality rate. Uncertainty regarding the 
sequence of events also clouds the perception of the true impact of POD, e.g. prolonged mechanical 
ventilation has been reported both a predictor as well as a consequence of delirium, and the same 
holds true for cognitive impairment.7, 9, 14, 15 Nevertheless, in view of the magnitude of evidence 
reporting unfavorable outcomes and increased medical costs in POD, it certainly seems an entity to 
be avoided, especially in the elderly.

Primary prevention and early recognition of delirium have demonstrated effectiveness in reducing 
delirium incidence and falls. Moreover, prevention may decrease the length of in-hospital stay, the 
need for institutionalization and ultimately may reduce medical costs.1, 25 The predictors identified 
in this study can aid the identification of TAVI patients at higher risk for developing POD who will 
benefit most from intensified surveillance and targeted prevention. Although many predisposing 
and precipitating factors of delirium are non-modifiable, several non-pharmacological measures can 
be taken to prevent POD in susceptible patients, as summarized in Table 6.47 Specifically in the TAVI 
setting, it seems advisable to avoid non-transfemoral access whenever justified. To date, there is no 
consensus on the efficacy of pharmacological therapy in the prevention and treatment of delirium.1 
Whether a reduction of embolic burden by cerebral protection devices may positively impact the rate 
of POD in TAVI seems speculative, considering the multifactorial nature of this cognitive disorder.

Limitations
The main limitations of this study are related to its retrospective, single center design. The 
retrospective assessment of delirium may have led to underestimation of the incidence of delirium, 
as symptoms can be subtle, especially in case of the hypoactive form. Furthermore, we were unable 
to reliably quantify in retrospect the presence of preoperative cognitive impairment and active 
depression, important predictors of POD in cardiac surgery. Finally, the relatively small sample size 
(transfemoral and non-transfemoral groups) did not allow for exhaustive multivariable analysis to 
fully isolate the independent effect of delirium on follow-up mortality.



Postoperative Delirium After Transcatheter Aortic Valve Implantation  |  127

CONCLUSIONS 
Despite their apparent susceptibility, only one in eight TAVI patients develops delirium during the 
postoperative course. The incidence of POD heavily depends on procedural access, with a fivefold 
higher rate in non-transfemoral compared to transfemoral TAVI. Besides procedural access, higher 
age, carotid artery disease, current smoking and preoperative AF were identified as independent 
predictors of POD. Postoperative delirium after TAVI was associated with prolonged in-hospital stay, 
irrespective of the occurrence of complications. Patients who developed POD after transfemoral TAVI 
demonstrated an increased all-cause mortality during follow-up. Early recognition and prevention 
strategies may decrease the incidence of POD and improve outcomes in TAVI patients. Future large 
prospective studies are needed to confirm these first findings on POD after TAVI.
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Transcatheter aortic valve implantation (TAVI) rapidly developed from an experimental therapy to 
a standard intervention. Between its first introduction in 2002 and the beginning of 2014, more than 
150.000 valves have been implanted worldwide. Over the past years, many aspects of TAVI have been 
intensively investigated, refining patient selection, procedural planning, and valve implantation 
technique, thereby improving outcome. The development of new transcatheter valve systems, 
dedicated sheaths and wires also favored procedural results, and rendered more patients eligible for 
TAVI. With this thesis we aimed to contribute to the evolution of TAVI by investigating implantation 
technique, new devices, and several perspectives on procedural outcomes.

Implantation technique and new devices
In Part I of this thesis, implantation technique and new devices are investigated. The acute result of 
TAVI critically depends on placing the prosthesis in the correct position within the aortic annulus 
(Chapter 2 and 3). Only then sufficient prosthesis anchoring and annular sealing, as well as 
clearance to the coronary arteries, anterior mitral valve leaflet, and cardiac conduction system can 
be achieved. Placement of balloon-expandable prostheses is especially delicate, since there literally 
is only one single shot to get it right. Breaking with this routine advocated by the manufacturer, 
we introduced a two-step inflation technique that allows for small corrections in prosthesis 
position after initial partial expansion (Chapter 2). Improved precision of prosthesis placement 
was thought to be expected from a more predictable behavior of the balloon-catheter complex in 
the second stage of inflation, and a more accurate assessment of prosthesis position in reference 
to the lower sinus border when partially expanded. Perideployment corrections were effective in 
optimizing final valve position, with the best results achieved in the TAVI approaches that provide 
more direct prosthesis control (transaortic and transapical). The two-step inflation technique may 
thus prevent malpositioning related complications in balloon-expandable TAVI. This is especially 
helpful in patients with a narrow landing zone, e.g. in the presence of low coronary ostia, basal septal 
hypertrophy, and right bundle branch block (at risk for total heart block which will occur when a low 
implant leads to a left bundle branch block). 

Another important observation in Chapter 2 is the remarkable tolerance for prolonged rapid 
ventricular pacing (RVP) sequences associated with two-step inflation (nearly 10 seconds longer). 
Low output state in the presence of severe aortic stenosis (AS), as during RVP, is dreaded for 
initiating a vicious cycle of reduced coronary flow, myocardial ischemia and further reduction in 
cardiac output, eventually culminating in ventricular fibrillation. Interestingly, the incidence of 
ventricular fibrillation in our two-step inflation cohort was lower than the rate earlier reported for 
balloon-expandable valve implantation.1 This finding should be interpreted in light of our routine 
to completely revascularize patients before TAVI, however. The observed tolerance to RVP provided 
the confidence to evolve towards a gradual inflation technique for the next generation balloon-
expandable valve (SAPIEN3), which can be interrupted anytime if correction of prosthesis position is 
deemed necessary (Chapter 4). The safety of manipulating a partially expanded prosthesis within a 
calcified aortic valve could not be firmly established. Although stroke rate was low, valve positioning 
is a well-known substrate for cerebral embolism in TAVI, which may be exaggerated when involving 
an expanded prosthesis. Reassuringly, the CoreValve continuously scrapes the diseased native valve 
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during flaring, while no excess stroke or cerebral embolization has been reported for this device.2, 3 
The importance of prosthesis positioning was also reflected in our evaluation of the 31-mm self-

expanding CoreValve prosthesis (Chapter 3). The 31-mm CoreValve was marketed to accommodate 
larger aortic annuli up to 29 mm in diameter, rendering more patients eligible for TAVI. Seemingly 
just a larger version of the proven CoreValve concept, tapering of the stent frame inflow portion 
is much more pronounced in the 31-mm device compared to the preceding CoreValves. As a 
consequence, only the basal portion of the device has a 31 mm profile, providing little margin for 
proper placement. In our multicenter evaluation among experienced centers, this led to significant 
problems in prosthesis positioning, manifested by too low implantation with severe para-skirt aortic 
regurgitation (AR) that required additional maneuvers (i.e. second valves or snaring). The low device 
success rate was at odds with the available data on smaller sized CoreValve implantations, as nearly 
1 in 5 procedures involved the use of a second prosthesis.4, 5 While others have claimed that the 31-
mm CoreValve may provide excellent results once the learning curve is overcome, these studies still 
reported second valve rates of 11%.6, 7 To explain the excess of too low implantations, we hypothesized 
that the tapered inflow portion tends to pull the prosthesis deeper into the left ventricle while 
expanding. Avoiding downward migration by increasing traction on the stiff guidewire comes with 
the risk of unintentional embolization to the ascending aorta, especially since the valve requires a 
high placement to ensure apposition of its most proximal part with the annulus. The implantation 
dynamics of the 31-mm CoreValve are therefore less predictable than that of its smaller counterparts, 
making it challenging to achieve a good implantation result. The repercussions of small changes in 
design on prosthetic performance is an important lesson learned. The less tapered architecture of the 
new Evolut rendition of the CoreValve and its delivery system with direct 1:1 unsheathing response 
may provide more accurate valve placement across the entire range of valve sizes.8 Whether the 
introduction of motorized delivery systems will prevent positioning issues for self-expanding valves 
seems conceivable, but is still to be determined.9 

Our observations in Chapter 3 stressed the notion that the performance of new TAVI devices 
should be scrutinized in clinical practice. Accordingly, we conducted a comparative assessment of 
the new balloon-expandable SAPIEN3 with the preceding SAPIEN XT valve (Chapter 4). Featuring an 
outer sealing cuff to reduce post-implantation AR, concerns were raised of an increased pacemaker 
rate after SAPIEN3 implantation because of the higher stent frame.10 In a one-to-many propensity 
score analysis we showed that SAPIEN3 was associated with significant lower rates of post-procedure 
AR, while pacemaker rates were similar to the SAPIEN XT. Moreover, the lower delivery profile of 
SAPIEN3 eradicated major vascular access site complications. The reduction in AR is an important 
achievement since any grade of leakage has been related to increased mortality after TAVI.11 The 
fact that this can be established with reduced need for oversizing (Chapter 4) favors the device 
safety profile by lowering the risk of mechanical complications.12 Whether improved valve patency 
will translate into better survival remains to be determined. A lower incidence of AR may only be 
achieved with SAPIEN3 when final valve placement is high enough to ensure optimal annular sealing 
with the PTFE cuff. In this regard, the two-step inflation technique (Chapter 2) can be valuable, or 
valve placement by one gradual slow inflation, both allowing to account for ventricular shortening 
of the SAPIEN3.
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Although similar between the matched SAPIEN3 and XT cohorts, pacemaker implantation rates 
were higher than the median 6% reported for balloon-expandable valves in a recent meta-analysis.13 
Matched data cannot be directly extrapolated to other studies, however, since the matching 
procedure involves selection of patients. Pacemaker rates in the unmatched SAPIEN3 cohort in 
Chapter 3, and the rates reported in the SAPIEN3 High Risk and Intermediate Risk cohorts of the 
PARTNER II trial, do suggest an increased risk for pacemaker dependency.14 Of note, preferential 
use of balloon-expandable instead of self-expanding valves in patients with a higher baseline 
risk for pacemaker dependency (e.g. preexisting right bundle branch block) may have biased the 
contemporary pacemaker data for balloon-expandable valves. Moreover, substantial heterogeneity 
exists in the threshold for post-TAVI pacemaker implantation, as well as in the methodology of 
reporting the percentage of pacemaker implantations. This makes our propensity score matched 
comparison of particular importance.

Procedural outcome
In Part II, we report on procedural outcome from several different perspectives. In Chapter 5 we 
focused on the role of intraoperative imaging in obtaining high quality TAVI results, by investigating 
the added value of intracardiac echocardiography (ICE) as an adjunct to fluoroscopy during 
transfemoral TAVI. Intraoperative echocardiography has always been an important aspect of TAVI, 
performed to evaluate the implantation result and to detect complications.15-17 Now that local 
anesthetic techniques are taking over from general anesthesia in transfemoral TAVI, particularly 
on the European mainland, many operators abandon routine transesophageal echocardiography 
(TEE) and revert to provisional use of less sensitive transthoracic echocardiography (TTE).18, 

19 Provisional TTE, however, slows the diagnostic process in case of adverse events and provides 
suboptimal imaging for proper evaluation of prosthesis function. The observation of similar, or 
even more favorable procedural outcomes achieved with general versus local anesthesia, despite 
the theoretical advantages of the latter, may be related to economization of intraoperative imaging 
when TAVI is performed in conscious patients.20, 21 ICE seems an excellent alternative to TEE, as it 
is well tolerated in conscious patients and offers detailed real-time continuous imaging.22 In our 
ICE assisted TAVI cohort, ICE was decisive for intraoperative patient management in nearly one 
quarter of procedures, yielding findings not readily observed on angiography. Adjunctive ICE was 
especially helpful in decision making on post-implantation AR and early detection of pericardial 
effusion. Therefore, ICE may optimize TAVI outcomes by similar means as recently suggested for 
TEE, i.e. better appreciation of post-implantation AR and rapid detection of complications allowing 
timely intervention.20, 23 Recent data indicate that severe vital and technical complications still occur 
in up to 5% of TAVI procedures, all scenarios in which proper and expeditious imaging support can 
make a difference.24 Randomized studies are warranted to evaluate the clinical value of adjunctive 
imaging strategies during TAVI. 

In Chapter 6 we evaluated temporal trends in TAVI outcomes in our seven years single-center 
experience. Across tertiles of consecutively treated patients, favorable trends were observed with 
improvements in procedural outcomes, comprising reductions in the incidence of moderate to 
severe AR, acute kidney injury and life-threatening bleeding between the first and third tertile. 
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Increased operator experience, improved devices with lower profiles, and better valve sizing by 
means of computed tomographic imaging, are the driving forces behind these improvements. As a 
result of the increase in procedural safety and efficacy, mortality rates dropped steeply between the 
first and second tertile. Both 30-day and one-year mortality substantially decreased, which can be 
explained by a reduced incidence of severe complications that irreversibly impede survival beyond 
30-days. Otherwise, it may indicate a change in patient selection. Although reported previously by 
others, we did not observe a shift in patient baseline operative risk over time, which could have 
biased the trend analysis.25 Recent data suggest that TAVI outcome still continues to improve.24 

Because the majority of studies in TAVI focusses on endpoints defined by the Valve Academic 
Research Consortium, one of the most pertinent complications in elderly and frail patients has been 
overlooked: postoperative delirium. Delirium is not a benign cognitive disorder, being associated 
with a litany of complications, including accelerated cognitive decline and increased mortality after 
surgery.26 In Chapter 7 we therefore investigated the incidence, predictors, and impact of delirium 
after TAVI. More than one in eight patients developed delirium, with a fivefold higher occurrence rate 
in patients who underwent TAVI through a non-transfemoral (transaortic or transapical) approach. 
The true incidence of delirium may be even higher as the hypoactive form is often missed in clinical 
care. Besides a non-transfemoral approach, higher age, carotid artery disease, current smoking and 
preoperative atrial fibrillation were identified as predictors of delirium. It seems unlikely that general 
anesthesia is solely responsible for the higher incidence of delirium in non-transfemoral TAVI, since 
there are many aspects of these approaches that promote delirium (i.e. intensive care stay, worse 
postoperative pain, increased inflammatory response). Postoperative delirium was associated with a 
prolonged hospital stay, irrespective of the occurrence of procedure related complications. Moreover, 
patients with delirium during the postoperative course of transfemoral TAVI exhibited an increased 
follow-up mortality. Rather than being causally related, delirium in this setting probably identifies 
the more frail and comorbid patients, already more likely to have impaired survival. Preventive 
strategies have previously shown effectiveness in reducing the incidence of postoperative delirium, 
resulting in more favorable outcomes and reduced medical costs.27 Therefore, further prospective 
research is indicated to assess the impact of preventive strategies on the incidence of delirium and 
clinical outcome in TAVI patients.

Future perspectives and research
Despite the overwhelming interest in TAVI and the impressive quantity of literature on this topic, 
relatively little randomized evidence has become available so far. Nevertheless, many lessons have 
been learned over the years, derived from daily practice, observational data, large registries and 
PARTNER I and US CoreValve trial data. Still, many questions have remained unanswered, while 
new questions have been raised while the TAVI field continues to expand.

With respect to implantation technique, the value of preparative predilatation of the aortic 
annulus has never been thoroughly evaluated. Predilatation facilitates crossing of the diseased 
valve with procedural material, confirms annular measurements and provides insights to the 
probability of coronary obstruction after valve implantation. Whether predilatation truly leads to 
better implantation results through preparation of the aortic annulus, and if the benefits outweigh 
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the risk of inducing cerebral embolism and short-standing severe AR is unknown.3 Only one single 
non-randomized pilot study addressed this issue and concluded that direct implantation is feasible 
and may yield similar results in self-expanding TAVI.28 Further research on predilatation is certainly 
indicated, potentially avoiding unnecessary procedural risk in the future, and a first randomized 
trial is currently underway. 

Much is expected from the upcoming new generation of transcatheter heart valves.29 Reductions 
in delivery profiles will further diminish the incidence of vascular and bleeding complications 
(Chapter 4) and will allow even more patients to undergo TAVI through a transarterial approach. 
The introduction of fully repositionable and retrievable valves is an appealing development, one 
that could mean a definite farewell to complications related to malpositioning and adverse events 
associated with incorrect sizing.29 Moreover, repositioning can be used repeatedly until satisfactory 
valve patency is achieved, reducing the incidence and severity of AR. Main concern regarding these 
new valve features, is the increased risk for dislodgement of atheromatous and calcified material by 
excessive manipulation of the aortic valve and aortic wall during repositioning and recapturing, as 
was also brought up in our analysis of the two-step inflation technique in Chapter 2. Data from the 
REPRISE II study may be reassuring in this regard, reporting similar stroke rates for patients in whom 
repositioning was performed and those without repositioning maneuvers, although small numbers 
do not allow definite conclusions.30 The safety of repositioning and recapturing should be assessed in 
large series to exclude the possibility of excess stroke, and further data from the Evolut R US Clinical 
Study and future REPRISE III randomized trial are eagerly awaited. Silent embolic burden should also 
be taken into the equation, considering recent data on embolic deflection and capturing devices.31 
Enabling continuous real-time monitoring of cardiac structures without obscuring fluoroscopy, ICE 
seems very helpful in repositioning maneuvers with new generation transcatheter valves.

The fast growing armamentarium of transcatheter valve systems warrants direct comparative 
device studies, also emphasized by our findings in Chapter 3 and Chapter 4, as not all valve 
prosthesis may be created equal. The only available head-to-head comparisons so far are the CHOICE 
and the inoperable cohort of the PARTNER II trial (Cohort B).32, 33 The CHOICE trial reported higher 
device success (due to less AR and second valves) and lower pacemaker rates for SAPIEN XT as 
compared to CoreValve. Relying solely on angiography for grading AR severity, the validity of the 
main study results can be debated, although these findings are supported by a substantial amount 
of observational data.34, 35 Our own ELECT trial may shed more light on the comparative patency 
of balloon-expandable and self-expanding valves, using multimodality imaging for extensive 
assessment of post-implantation AR. How to deal with the growing number of valve systems in 
daily practice is another question open to debate. In contrast to coronary stents, each transcatheter 
valve system comes with its unique loading procedure, deployment mechanism and implantation 
dynamics. Diluting operator experience over more than 2 or 3 valve types may not be reasonable, 
as this may interfere with implantation skill development leading to suboptimal results. It seems 
conceivable that one to two different valve systems suffice to treat the majority of patients with 
severe AS.

The increase in procedural safety and efficacy, also highlighted in Chapter 6, raise the question 
whether TAVI is mature enough for indications to be expanded to lower risk patients. Although 
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largely circumstantial, promising evidence on the performance of TAVI in lower risk populations 
is available. Encouraging data is provided by the pivotal US CoreValve trial, as self-expanding TAVI 
outperformed surgical aortic valve replacement (SAVR) with respect to one-year survival in patients 
with substantial lower risk than enrolled in the PARTNER trial.36 More recently, the randomized 
NOTION trial reported equally low death, stroke, and myocardial infarction rates for TAVI and SAVR 
in an all-comer population of patients with severe AS of 70 years or older, of whom 82% was at low 
operative risk.37 Even registry data on TAVI in low to intermediate risk patients is available, with 
a propensity-score matched analysis reporting similar outcomes for TAVI and SAVR.38 The new 
generation of valves will enable TAVI to even more seriously challenge SAVR, delivering rates of AR 
and vascular complications very similar to surgery. A taste of what new devices are capable of is 
provided in Chapter 4 and in the recently presented non-randomized SAPIEN3 Intermediate Risk 
arm of the PARTNER II trial and Evolut R CE study.14, 39

All the TAVI enthusiasm aside, it should be acknowledged that SAVR is the product of more than 
50 years of experience and technical refinement. In its current form, SAVR can be performed through 
a limited thoracotomy or ministernotomy, and provides excellent outcomes at low procedural risk 
with proven long-term durability.40 In contrast, TAVI has only been around for just over 10 years and 
little data is available on outcomes and durability past the 5-year mark. Moreover, the suboptimal 
performance of TAVI in bicuspid AS is concerning, since lower risk patients will inevitably be younger 
and more frequently present with bicuspid anatomy.41, 42 New generation transcatheter valve systems 
certainly may be able to improve TAVI outcomes in bicuspid AS in the near future, but data are not 
yet available. Furthermore, while stroke rate in TAVI may be low, uncertainties still exist regarding 
the significance of silent cerebral infarction.3 Indeed, silent brain infarctions are also encountered 
in SAVR, but are not as omnipresent as in TAVI.43 Randomized evidence and more long term data 
should therefore be generated before extending TAVI to lower risk patients. Trials in intermediate 
surgical risk populations are currently ongoing with the first results being expected in 2016. 

Next to the extension of TAVI to lower risk patients, indications other than native aortic valve 
stenosis should be explored. Encouraged by the successes in aortic stenosis, investigators already 
started exploring TAVI in failed surgical bioprosthetic aortic valves and native pure AR.44, 45 Even 
failed mitral valve bioprostheses and failed mitral valve repairs have been addressed using TAVI 
devices and technique, exemplifying the versatility of the procedure.46 Clearly, TAVI is getting a more 
and more widespread application in the treatment of severe valve disease in high risk patients. With 
devices and technique being further refined, a definite role for TAVI in lower risk populations as well 
as in other valve lesions can be expected. Moreover, increased safety may justify the evaluation of 
TAVI earlier in the course of aortic stenosis. With plenty of new developments being expected, the 
future of TAVI looks bright.

Conclusions
In this thesis some evolving concepts in TAVI were highlighted. The efficacy of a new implantation 
technique in optimizing balloon-expandable valve positioning was demonstrated. Furthermore, the 
importance of prosthetic valve design was shown in the clinical evaluation of new prostheses. New 
valve design features were found to be very effective in mitigating complications. The value of proper 
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intraoperative imaging support was underlined by our ICE assisted TAVI experience, questioning the 
ongoing development towards a more simplified TAVI procedure. Favorable trends were observed 
in TAVI results, which have culminated in excellent outcomes in most recent years, setting new 
standards for contemporary TAVI. Among outcomes, delirium appeared an underestimated entity 
that deserves further attention since adequate prevention may expedite postoperative recovery after 
TAVI and may have beneficiary effects on procedural outcome.
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NEDERLANDSE SAMENVATTING
Aortaklepstenose (AS) is een veelvoorkomende hartklepaandoening met een prevalentie die 
toeneemt met de leeftijd. Ernstige AS kent een slechte prognose wanneer patiënten symptomen 
ontwikkelen, met een mediane overleving van 5 jaar in het geval van angineuze klachten en <2 
jaar indien sprake is van kortademigheid. De enige adequate behandeling is het opheffen van de 
obstructie van de linker ventrikel uitstroom door vervanging van de zieke aortaklep. AS is dan ook de 
meest voorkomende indicatie voor hartklepchirurgie in Europa. Ondanks de slechte prognose wordt 
ruim een derde van de patiënten met ernstige AS afgewezen voor chirurgische aortaklepvervanging 
(SAVR) op basis van een te hoog operatie risico of inoperabiliteit.

De komst van transkatheter aortaklep implantatie (TAVI) betekende een belangrijke doorbraak 
in de behandeling van inoperabele en hoog-risico patiënten met ernstige AS. Met behulp van TAVI 
kan de aortaklep worden vervangen zonder noodzaak voor een hart-long machine of mediane 
sternotomie, enkel gebruik makende van conventionele katheter technieken. Daarmee was TAVI 
was het antwoord op de dringende vraag naar een effectieve minimaal invasieve behandeling voor 
de omvangrijke groep patiënten die niet in aanmerking komt voor conventionele klepchirurgie. 
Het in 2010 gepubliceerde eerste deel van de PARTNER studie heeft TAVI bewezen als eerste keuze 
behandeling voor inoperabele patiënten, met een absolute reductie in mortaliteit van 20% ten 
opzichte van optimaal medicamenteuze therapie (ballon valvuloplastiek incluis). Het tweede deel van 
de PARTNER studie liet zien dat TAVI een gelijkwaardig alternatief is voor SAVR in patiënten met een 
hoog operatie risico. De resultaten van de daaropvolgende US CoreValve studie doen vermoeden dat 
state-of-the-art TAVI, met nieuwe materialen (derde generatie hartklep) en technieken (computer 
tomografie geleide keuze van de klepmaat) wel eens superieur zou kunnen zijn aan SAVR in hoog-
risico patiënten. 

Dankzij een grote hoeveelheid onderzoek heeft TAVI zich binnen betrekkelijk korte tijd kunnen 
ontwikkelen van een experimentele ingreep tot een doorsnee procedure. Veel aspecten van TAVI zijn 
onderzocht, waarbij de hieruit voortvloeiende verfijning van patiënten selectie, procedure planning, 
implantatie techniek en materiaal, hebben geleid tot verbetering van de uitkomsten. Dit proefschrift 
vormt een weergave van de bijdrage die wij hebben geleverd aan de evolutie van TAVI met onderzoek 
naar implantatie techniek, nieuwe klepprothesen, en procedurele uitkomsten.  

DEEL I: Implantatie techniek en nieuwe klepprothesen
Een goede plaatsing van de hartklepprothese, op het juiste niveau in de aortaklep annulus, is bij 
TAVI van groot belang. Correcte plaatsing is noodzakelijk voor een adequate verankering van de 
klepprothese, een goede functie van het implantaat, en het voorkomen van complicaties door 
interferentie met nabij liggende structuren zoals de coronaire ostia, het cardiale geleidingssysteem 
(de bundel van His en de linker bundeltak), en het voorste mitralisklepblad. De precisie waarmee de 
klepprothese kan worden geplaatst is onder andere afhankelijk van de anatomie van de patiënt, de 
eigenschappen van het katheter systeem, en de gekozen fluoroscopische projectie voor implantatie. 

In hoofdstuk 2 hebben we laten zien dat de nauwkeurigheid van de plaatsing van ballon-
expandeerbare hartklepprotheses geoptimaliseerd kan worden door het gebruik van een 
stapsgewijze implantatie techniek. Deze techniek bestaat uit het initieel gedeeltelijk ontplooien 
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van de klepprothese, gevolgd door angiografische controle van de kleppositie, waarna deze positie 
nog aangepast kan worden alvorens over te gaan tot de definitieve implantatie. De rationale van 
deze techniek is dat na het partieel ontplooien van de klepprothese een betere indruk kan worden 
verkregen van de te verwachte kleppositie na volledige ontplooiing, en een betere correctie van 
(on)verwachte bewegingen van het katheter-ballon complex mogelijk is. Uit onze studie blijkt dat 
stapsgewijze implantatie resulteert in een plaatsing met een geringere afwijking van de beoogde 
optimale kleppositie, in vergelijking met de door de fabrikant gehanteerde directe implantatie 
techniek. Concluderend kan stapsgewijze implantatie het optreden van complicaties ten gevolge 
van malpositionering voorkomen bij ballon-expandeerbare TAVI.

 Het belang van een accurate klepplaatsing is ook terug te zien in hoofdstuk 3, waarin de 
31-mm zelf-ontplooiende CoreValve prothese is geëvalueerd. In deze internationale multicenter 
studie hebben we waargenomen dat TAVI met de 31-mm CoreValve, ontworpen voor patiënten 
met een grote aortaklep annulus (tot 29 mm), minder goede resultaten oplevert dan verondersteld 
kan worden op basis van eerdere ervaringen met zijn kleinere voorgangers (26-mm en 29-mm 
CoreValves). Onverwacht lage procedurele succespercentages werden gevonden, voornamelijk door 
frequent optreden van belangrijke aortaklepinsufficiëntie ten gevolge van een te lage plaatsing van 
de CoreValve. Een mogelijke verklaring hiervoor ligt in het uitgesproken taps toelopende instroom 
gedeelte van de 31-mm CoreValve.  Met deze vorm biedt het instroom gedeelte minder marge voor 
adequate klepplaatsing (slechts het meest basale deel heeft daadwerkelijk een 31-mm diameter) 
en veroorzaakt tijdens het expanderen een neiging tot neerwaartse migratie van de prothese 
in de richting van het linker ventrikel. De negatieve gevolgen van geringe veranderingen in het 
klepprothese ontwerp op de TAVI resultaten vormen een belangrijke les van deze studie. 

 In hoofdstuk 4 hebben we de klinische resultaten van de nieuwe ballon-expandeerbare 
SAPIEN3 prothese vergeleken met de voorgaande SAPIEN XT doormiddel van propensity score 
matching.  In onze gematchte populatie bleek de SAPIEN3 geassocieerd met een lagere incidentie 
van post-implantatie aortaklepinsufficiëntie. De betere lekdichtheid werd bereikt in aanwezigheid 
van geringere oversizing van de prothese ten opzichte van de aortaklep annulus, hetgeen de kans 
op mechanische complicaties (annulus ruptuur, aorta dissectie) bij ballon-expandeerbare TAVI 
verkleind. In tegenstelling tot SAPIEN XT werden voor de SAPIEN3 geen belangrijke aan de arteriële 
toegangsweg gerelateerde vasculaire- of bloedingscomplicaties gezien, waarschijnlijk door het 
kleinere profiel van de SAPIEN3. In hoeverre de reductie in aortaklepinsufficiëntie en toegangsweg 
gerelateerde complicaties zal leiden tot verbeterde overleving op langere termijn moet nog worden 
vastgesteld. Het vermoeden dat de SAPIEN3 door zijn hogere stent frame en daaruit volgende 
diepere plaatsing zou leiden tot meer pacemaker implantaties werd niet door onze studie bevestigd. 

DEEL 2: Procedurele uitkomsten 
De waarde van intracardiale echocardiografie (ICE) tijdens transfemorale TAVI is door ons 
onderzocht in hoofdstuk 5. ICE lijkt een uitstekend alternatief voor de peroperatief steeds minder 
gebruikte transoesofagale echocardiografie (TEE). Vanwege de moeizame combinatie van TEE met 
lokale anesthesie, dat in veel centra inmiddels de voorkeur heeft gekregen boven algehele anesthesie 
tijdens transfemorale TAVI, grijpen veel operators terug op transthoracale echocardiografie (TTE). 
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Belangrijke nadelen van TTE zijn de mindere beeldkwaliteit en de vertraging van het diagnostische 
proces doordat de uitvoering van TTE in de hartkatheterisatiekamer enige voorbereiding vereist. ICE 
daarentegen kent een hoge beeldkwaliteit door acquisitie vanuit het hart, kan worden bediend door 
de TAVI operator zelf, en heeft de mogelijkheid voor continue monitoring van belangrijke cardiale 
structuren zonder dat dit interfereert met fluoroscopie. In ons cohort bleek ICE ondersteuning 
in bijna een kwart van de TAVI procedures belanghebbende bevindingen voor peroperatieve 
besluitvorming op te leveren, waarbij angiografie alleen onvoldoende informatie verschafte. Met 
name waren ICE beelden waardevol bij de behandeling van post-implantatie aortaklepinsufficiëntie 
en voor het vroegtijdig ontdekken van pericard effusie. Zoals uit onze studie blijkt en reeds in eerdere 
studies werd gesuggereerd voor TEE, kan ICE de resultaten van TAVI optimaliseren door een betere 
beoordeling van zowel het mechanisme als de ernst van post-implantatie aortaklepinsufficiëntie en 
door vroegtijdige herkenning van complicaties. Gezien de huidige trend van het achterwege laten 
van echocardiografische ondersteuning gedurende TAVI lijkt een gerandomiseerde studie naar het 
gebruik van peroperatieve beeldvormende technieken op zijn plaats. 

In hoofdstuk 6 hebben we de trends in TAVI uitkomsten in ons centrum over de afgelopen 7 
jaar in kaart gebracht. Gunstige trends werden gezien na stratificatie van chronologisch behandelde 
patiënten in tertielen. Het optreden van matig tot ernstige aortaklepinsufficiëntie, acute nierschade 
en levensbedreigende bloedingscomplicaties na TAVI bleek significant afgenomen. Ook werd een 
daling gezien in de mortaliteit op 30-dagen en 1-jaar follow-up. Een toegenomen ervaring van de 
behandelaars, verbeterde klepprotheses en katheter systemen, en een betere klepmaatkeuze op 
basis van computer tomografie, liggen ten grondslag aan deze verbeteringen. Behandeling van 
patiënten met een lager operatie risico lijkt niet aan de orde, aangezien geen veranderingen werden 
gezien in het risicoprofiel van patiënten.

In hoofdstuk 7 hebben we laten zien dat het postoperatief delirium een belangrijke complicatie 
is na TAVI, waar nog weinig aandacht aan is besteed in de literatuur. Uit onze studie blijkt dat circa 1 
op de 8 patiënten een postoperatief delirium ontwikkelt na TAVI, voor non-transfemorale TAVI (via een 
transapicale of transaortale benadering) is dit zelfs meer dan 1 op de 3 patiënten. Een non-transfemorale 
procedure, hogere leeftijd, arteria carotislijden, actief roken, en preoperatief atriumfibrilleren werden 
geïdentificeerd als voorspellers voor post-TAVI delirium. Delirium bleek geassocieerd met een langere 
ziekenhuisopnameduur, onafhankelijk van het optreden van andere complicaties, hetgeen gepaard 
gaat met hogere zorgkosten en een groter risico op nosocomiale infecties. De transfemoraal behandelde 
patiënten die een delirium ontwikkelden hadden een verhoogd risico op mortaliteit tijdens follow-up. 
Vermoedelijk is hier geen sprake van een causaal verband, maar is het optreden van delirium na een 
transfemorale ingreep een marker voor zeer kwetsbare patiënten met veel comorbiditeit, met a priori 
al een minder goede prognose. Verder onderzoek is nodig naar de impact van delirium op uitkomsten 
na TAVI en de effectiviteit van preventieve maatregelen.

Vooruitblik
De afgelopen jaren heeft TAVI een enorme vlucht genomen, zowel wat betreft het aantal uitgevoerde 
procedures als de hoeveelheid onderzoek naar TAVI. Door een toegenomen ervaring en technische 
ontwikkelingen zijn de resultaten van TAVI op nagenoeg alle eindpunten sterk verbeterd. De 
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uitdaging is om het optreden van postoperatieve complicaties als aortaklepinsufficiëntie, beroertes, 
bloedingen, vasculaire complicaties, en pacemaker afhankelijkheid, in de komende jaren nog 
verder terug te dringen. Nieuwe transkatheter hartklepsystemen kunnen hierbij een belangrijke 
rol spelen. Een interessante ontwikkeling is de introductie van herplaatsbare en herneembare 
klepprothesen, waarmee complicaties door onjuiste plaatsing kunnen worden voorkomen. Studies 
moeten uitwijzen of het bewerkstelligen van een betere plaatsing opweegt tegen het grotere risico 
op beroertes door excessieve manipulatie van de zieke aortaklep. Ook moet worden vastgesteld 
of het routinematig uitvoeren van predilatatie van de aortaklep daadwerkelijk leidt tot betere 
resultaten van klepplaatsing en niet slechts het potentieel voor complicaties vergroot. Gezien het 
groeiende aantal transkatheter hartklepsystemen lijken direct vergelijkende studies, zoals onze 
eigen ELECT studie, aangewezen. Deze studies geven niet alleen inzicht in hoe de prestaties van 
verschillende prothesen zich tot elkaar verhouden, maar verschaffen ook data die het mogelijk 
maken de klepkeuze voor individuele patiënten te optimaliseren. Een beroerte blijft een desastreuze 
complicatie van TAVI, die mogelijk voorkomen kan worden door het gebruik van cerebrale protectie 
devices. Meer onderzoek is nodig voor een definitieve plaatsbepaling van dit hulpmiddel bij TAVI. 
Daarnaast zou het optimaliseren van de duur en intensiteit van postoperatieve plaatjesremming 
kunnen bijdragen aan het verminderen van beroertes en andere trombo-embolische complicaties 
tijdens follow-up. Naast de eindpunten uit de Valve Academic Research Consortium criteria moet 
er meer aandacht komen voor delirium en kwaliteit van leven na TAVI. Recente studies suggereren 
dat TAVI inmiddels beter presteert dan SAVR in hoog-risico patiënten, met als grote voordeel van 
TAVI het vlotte herstel van functionaliteit van de patiënt. De verwachting is dan ook dat TAVI in 
de nabije toekomst geleidelijk uitgebreid zal worden naar patiënten met een lager operatief risico. 
Gerandomiseerde studies naar TAVI en SAVR in patiënten met een intermediair operatie risico zijn 
al onderweg, waarvan de eerste resultaten volgend jaar worden verwacht. Voorts zal TAVI zal voor 
steeds meer indicaties de competitie aangaan met SAVR, waaronder gedegenereerde chirurgische 
biologische klepprothesen en pure aortaklepinsufficiëntie in patiënten met een hoog operatie risico. 
Met al deze ontwikkelingen in het verschiet ziet de toekomst van TAVI er veelbelovend uit.

Conclusie
In dit proefschrift zijn een aantal voortschrijdende inzichten op het gebied van TAVI beschreven. 
De effectiviteit van een alternatieve implantatie techniek voor ballon-expandeerbare klepprothesen 
is aangetoond. Het grote belang van het ontwerp van de hartklepprotheses is duidelijk geworden 
bij het evalueren van de prestaties van nieuwe prothesen in de klinische praktijk. De waarde van 
hoogwaardige peroperatieve beeldvorming is onderschreven door onze ervaringen met ICE tijdens 
TAVI, hetgeen vraagtekens zet bij de huidige tendens om peroperatieve beeldvorming te beperken 
tot angiografie. Over de tijd zijn gunstige ontwikkelingen waargenomen in de resultaten van TAVI, 
die hebben geleid tot de excellente uitkomsten in de recente jaren. Postoperatief delirium is echter 
een onderbelichte complicatie die meer aandacht verdient, aangezien adequate preventie het herstel 
na TAVI verder kan bespoedigen met mogelijk positieve effecten op de uitkomsten van de ingreep. 
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